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Abstract
Mucin is a naturally occurring polymer that belongs to the glycoprotein family. It is 
an amphiphilic molecule made o f two main parts: a hydrophobic protein backbone 
and hydrophilic carbohydrate side chains. As a result o f this structure, it can adsorb on 
many types o f surfaces to create a hydrophilic, lubricating layer. Mucin has been 
shown in recent studies to have the potential to suppress the adhesion o f bacteria. The 
aim o f this study is to develop a uniform mucin coating resistant to bacterial adhesion. 
In developing a coating technique, we created a multi-layer system consisting o f a 
poly(acrylic acid) (PAA) copolymer as a base layer and a mucin layer on top, as this 
exploits the mucoadhesion interactions between PAA and mucin in bonding to the 
base. The mucin coatings created were then evaluated against the adhesion o f 
microorganisms, including two species o f bacteria (Staphylococcus epidermidis and 
Escherichia coli) and one species o f yeast (Candida albicans) known to be 
problematic for patients inserted with urinary catheters.
This study develops as the following:
•  Experimental work was conducted on the creation o f the mucin coating using 
poly(acrylic acid)-b-poly(methyl methacrylate) as a base coating and 
poly(methyl methacrylate) and silicon as controls. The effect o f pH was used as 
a means to control the mucin layer thickness, where a thicker mucin layer was 
adsorbed on the copolymer from acidic mucin solutions than neutral and basic 
mucin solutions. Roughness and surface energy measurements revealed 
smoother and more hydrophilic surfaces created from the thicker mucin layers.
•  Infrared spectroscopic ellipsometry was used to study the interfacial bonding 
between the copolymer layer and the adsorbed mucin layer. This study showed 
that at pH 3 more hydrogen bonds were created between PAA-b-PMMA and 
mucin. It also showed conformational changes in the protein backbone o f mucin 
at lower pH.
• In evaluating the adhesion o f microorganisms on the mucin coating, through 
direct counting, we saw a decrease in bacterial adhesion after mucin coating 
compared to the bare surfaces but no effect on the adhesion o f yeast cells. 
Increasing the mucin coating thickness further reduced the numbers o f 
Staphylococcus epidermidis but not Escherichia coli.
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C h a p t e r  1
A n  in t r o d u c t io n  to  b io m a te r ia ls ,  m u c in  c o a t in g s  a n d  
b a c te r ia l  a d h e s io n
Introduction
The last two decades have seen a lot of research highlighting the need for 
more non-invasive medical drugs and procedures, which played a major role in the 
development of many materials used in medicine and in the advancement of 
biomaterials sciences [1, 2, 3, 4]. Scientists are pushing the boundaries with the 
development of materials and designs to provide target-specific drugs and medical- 
devices and applications that allow physicians to perform medical procedures, which 
were previously thought to be impossible, such as slow drug-release cardiac stents, 
and artificial heart valves, to name a few. Another driving force behind the 
development of biomaterials is to improve the quality of life of our young and old 
population, such as contact lenses, breast implants and synthetic limbs and joints. As a 
result, a lot of people have benefited from these synthetic or natural biomaterials over 
the past decade.
In this chapter I w ill present background information on biomaterials, their 
classifications, and the difference between surface and bulk properties of the 
biomaterial. I  w ill also discuss the definition of biocompatibility since it is the first 
criteria a biomaterial has to fu lfil in order to be used in medicine. In this work we are 
interested in the use of the naturally-occurring mucin molecules as a biomaterial to 
suppress bacterial adhesion. Thus, I  dedicated the rest of this chapter to describing it, 
its method of adhesion to surfaces through mucoadhesion, and to the mechanism of
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bacterial adhesion. Finally, I w ill end this chapter with an overview of the rest of this 
thesis and stating the aim and the objectives of this work.
1 .1  B io m a te r ia ls
Biomaterials science is a multi-disciplinary field that involves medicine, 
chemistry, physics, engineering, and biology. In general terms, it is described as the 
study of the properties and applications of the materials used in medicine.
Biomaterials are defined as:
“ A  nonviable material used in a medical device, intended to interact
with a biological system” . [1]
The majority of biomaterials are used in medical applications, such as sutures 
and wound dressings and many others. They are also used in clinical labs for blood 
protein assays, in biotechnological applications for biomolecule processing, in 
veterinary medicine for fertility implants in cattle, in genetics for diagnostic gene 
arrays, and in cultures to grow cells. [3] Biomaterials are applied in many other fields 
and applications which w ill not be discussed in this thesis.
Biomedical materials used in the production of medical devices, can be 
divided roughly into three main classes depending on their tissue response. (1) Inert 
materials would have no to minimal tissue response. (2) Active materials, that binds 
with the surrounding tissue, such as stimulating new bone growth. (3) Degradable or 
resorbable materials are required to function over a period of time then degrade 
naturally. These materials can be made out of metals, which are typically inert; 
ceramics, which can be inert, active or resorbable; and polymers, which may be inert 
or resorbable. The differences between metals, ceramics and polymers are in their 
composition and interatomic bonding.
Metals are thermally and electrically conducting materials. 85% of metals 
have atoms that are either surrounded by twelve or eight other atoms in a crystal, held 
together by metallic bonds. These crystalline structures are called same face-centered 
cubic and body-centered cubic, as seen in the illustration in Figure 1.1. These 
crystalline structures define the properties of the metals [3, 4, 5]. Metals can be used 
in their elemental form, such as titanium [6], or mixed together to form alloys, such as
2
Co-Cr [7]. They are usually used for load-bearing applications, such as bone implants, 
so they must have high fatigue strength to endure the rigors of daily activity, such as 
walking and chewing.
Figure 1.1. A  schematic illustration of body and face centered cubic 
crystalline structures. A ll the atoms are the same and the different colors are 
used for clarity. Redone from illustration in [3]
Ceramics are usually made of solid inorganic compounds bound together with 
ionic and covalent bonds; they are commonly electrical and thermal insulators. Their 
molecules might be arranged like those of metals (Figure 1.1) in tightly packed 
crystalline structures, or in an amorphous state, which occurs when melted and then 
cooled [3, 4, 8] to form a glass. Ceramics are usually used for their hardness and wear 
resistance properties, e.g. in joints and bone bonding surfaces. Their cohesive strength 
comes from their strong covalent and ionic bonds.
Polymers are materials made from linear chains of carbon (or other) atoms 
attached together covalently with the possibility of side groups or a variety of other 
atoms attached to these carbons. Polymers can be extracted from natural sources, such 
as collagen, or synthesized by organic processes, e.g. poly(methyl methacrylate). 
Polymeric materials are normally used for their flexibility and stability, but also been 
used as low friction surfaces [3, 4, 5]. Some examples of biomateriais used today are 
provided in Table 1. [3]
Body centered cubic Face centered cubic
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Table 1. Some accepted biomaterials.
Metals Ceramics Polymers
Titanium Alumina
Ultra high molecular 
weight polyethylene
Co-Cr Alloys Phosphate glass Polyurethane
In choosing a biomaterial to be used in a medical device or implant many 
requirements must be met before its use. The biomaterial physical properties which 
must comply with its type of use, the material biocompatibility to avoid undesirable 
tissue reactions, such as immune responses, and lastly manufacturing requirements, 
such as synthesis methods and the cost of production. [3,4, 5]
Material properties can be investigated from two different points of view. One 
is their bulk properties, which are dictated by the interatomic bonding. Materials in 
the solid state possess many properties that can be exploited to be used as a 
biomaterial, such as mechanical, thermal, electrical, optical, magnetic and chemical 
properties. The second point of view is the surface properties of the material, where 
the type and arrangement of the atoms on the surface can influence the reactivity of 
the material greatly. These properties are important because the surface of the 
material is where most of the biological reactions occur. Reactions occur at the 
interface due to the movement of the atoms and molecules near the surface in 
response to the environment surrounding it or a material that it is physically in contact 
with. The atoms and molecules move differently when exposed to hydrophobic or 
hydrophilic environment e.g. when a material is placed in a hydrophobic environment 
more of the hydrophobic components of the material migrate closer to the surface to 
reduce the interfacial energy. These movements can change the surface properties of 
the material affecting its level of interaction with other materials [3, 4, 5].
Biocompatibility of the biomaterial is one of the most important requirements 
that have to be met in order for the material to be assessed for medical use. The next 
section is dedicated for its discussion due to its importance.
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1.2 Biocompatibility
Biomaterials are rarely used on their own for medical applications. They are 
normally used as a part of a medical device or an implant. The properties of the 
material dictate the design and the functionality of the device or the implant. These 
properties can lead to the success or the failure of the device. It all depends on the 
interaction between the recipient’s host tissue and the surface material of the 
device/implant. Before any material is used in medicine it has to go through rigorous 
and expensive studies to make sure of the suitability of that material. These studies 
include the material synthesis, optimization, characterization, and most importantly 
the biocompatibility tests. These studies are aimed to find synthetic or naturally 
occurring biomaterials that are easy to produce and implement, and that have 
properties that would enhance the performance of the device without causing the 
recipient any complications.
So what is biocompatibilityl
“Biocompatibility is the ability of a material to perform with an
appropriate host response in a specific application” . [1]
I f  a material induces the wrong response, then this response w ill lead to the failure of 
the device and possibly endanger the recipient’s life that the device intended to 
improve. Host responses vary from inflammation, infection and blood clotting to 
encrustations. The appropriate response would be resistance to blood clotting, 
resistance to bacterial adhesion and formation of biofilms, resistance to nonspecific 
adsorption, and promotion of normal healing. [3, 4, 5, 9]
Biocompatibility tests are very essential in approving materials to be used in 
medical devices. These tests are set and regulated by a government body, which w ill 
not approve any device unless it is been tested thoroughly. Due to the complexity and 
the cost of these tests, only a small number of materials are used in medical 
devices/implants, e.g. Medtronic Inc, one of the leading companies in medical 
technologies, only uses 25 polymers and 11 metals for the production of implants [2]. 
Table 2 lists some of the biomaterials in use in medicine.
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Table 2. A  list of some biocompatible materials and their applications. [9]
Materials Principal applications
Metals and alloys:
Stainless steel Bone fracture fixation, stents, surgical instruments
Ni-Ti Bone plates, stents, orthopedic wires
Gold alloys Dental restoration
Silver products Antibacterial agents
Platinum Electrodes
Ceramics and glasses:
Alumina Joint replacement, dental implants
Bioactive glass Bone replacement
Porcelain Dental restoration
Polymers:
Polyethylene Joint replacement
Polyamides Sutures
Polyurethanes Tubing, blood contacting devices
Poly(methyl methacrylate) Interocular lenses, dental restoration, bone cement
Collagen Joint lubricant
Poly(acrylic acid) hydrogels Drug-delivery systems
In many cases, more than one biocompatible material is used to make an 
implant or a medical device to acquire the properties of both materials. In the case of 
urinary catheters used on post-surgical patients, it is essential for the catheter to be 
made of a very flexible material to maneuver the urinary tract during insertion and at 
the same time it needs to be made of a material that would resist the colonization of 
microorganisms, which in turn can cause infections. For these reasons, urinary 
catheters today are made of polyurethanes, latex, natural rubber or silicone for their 
flexibility, combined with a hydrophilic coating or a bactericidal coating, such as 
silver alloy, which minimize bacterial colonization in short term use [10].
The need for more biomateriais to be used in medicine has lead to the 
investigation of naturally synthesized materials because of the likelihood of them 
being biocompatible. Natural methods offer other inherent advantages that are not 
achieved by synthetic counterparts. One advantage is having a similar three- 
dimensional structure as the host tissues [11, 12]. Mucins are a family of natural
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polymers that are investigated in this work due to their high hydrophilicity and 
adhesion properties. Their composition is similar to that of the body mucins and 
proteins.
1 .3  M u c in  a n d  m u c o a d h e s io n
Mucin is a natural occurring polymer that belongs to the glycoprotein family
[13]. It makes up 5% by weight of the mucus secretions in the body [14]. Mucus is 
secreted by the luminal surfaces of the epithelial organs to form a physical protective 
barrier against viral and bacterial attachment, abrasion and diluting chemicals (e.g. 
stomach acid) [15]. It also plays a part in the cellular signaling mechanisms and cell­
cell interactions. Other functions of mucus are lubrication and pH regulation [14,16]. 
There are two types of mucins: membrane-bound mucin and secretory mucin. They 
have similar structure with minor differences, and they work together to form the 
mucus protective layer [16,17,18].
Carbohydrate side chains 
Peptide back bone
Figure 1.2. A schematic illustration of mucin structure. The figure was 
obtained from [19].
The structural make-up of mucin differs from one organ to another and from 
one species to another. These small differences change the function of the mucin 
slightly so it can function properly in that environment. Mucins are complex 
glycolproteins made up of a peptide backbone with bare and highly glycosylated 
blocks. The long linear peptide backbone makes up between 20 to 50% of the mucin 
molecule and the remaining 50 to 80% is the carbohydrate side chains [14, 19]. The
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carbohydrate side chains are attached to the peptide core in a “ bottle brush” 
configuration (Figure 1.2), and they consist primarily of acetyl-D-galactosamine, 
galactose, fucose, sialic acid and acetyl-D-glucosamine as seen in Table 3. These 
oligosacaride chains are mostly linear and are linked with the protein core through O- 
glycosidic bonds [20]. The O-glycosidic bonds are specifically formed between the 
hemiacetal groups of the carbohydrate chains and the hydroxyl side chains of the 
amino acids serine and threonine of the peptide core. The peptide backbone is made 
up of several repeats of amino acids arranged into two main distinct regions, highly 
glycosylated and bare regions [21]. The highly glycosylated regions are rich in serine, 
threonine and proline which can make up more than 60% of the amino acid sequence. 
The bare regions are rich in cystine which represent more than 10% of the aminoacid 
sequence. Other regions are made up of cystine knots and domains with sequences 
similar to Von Willebrand factor (vWF) C and D domains. The vWF domains are N- 
glucosylated large glycoproteins that are shown to form disulfide bridges to form 
multimers [22].
The isoelectric point (pI) is defined as the pH where the protein molecule 
changes its net charge from negative to positive. At the p7 the molecule exist as 
neutral charge, where the molecule is balanced between the anionic and the cationic 
forms [23], p7 depends on the composition of the peptide chain and its amino acid 
sequence. Some amino acids have acidic p7, such as aspartic acid p7 = 2.77 and some 
have close to neutral p7, such as serine p7 = 5.68 and some have basic p7, such as 
arginine p7 = 10.76. The combination of the p7 of the amino acid sequence determines 
the overall protein p7. Mucin has an overall negative charge in basic and neutral 
solutions, which diminishes as the pH decreases below pH 4 as it gets closer to the p7
[14]. A study by Perez et. al. determined the p7 for BSM to be pH 3 at which the 
mucin molecule becomes protonated and looses its negative charge [29]. In general, 
mucins have a p7 rang from pH 4.7 to 2 as reported by several studies depending on 
the mucins origin and method of preparation [14, 29, 30].
The peptide backbone is hydrophobic and adheres to hydrophobic surfaces. 
Whereas the carbohydrate side chains are hydrophilic and have a large charge density 
due to the presence of silaic acid and sulfate residues, also they are protease resistant 
[19]. The molecular weight of the mucin macromolecule ranges between 0.5 - 40 x 
106 and has a persistence length of 100 nm and effective diameter of 5 nm [14,20].
The large molecular weight of mucin is because of the repeated amino acid sequences 
and the rich O-linked oligosaccharides side chains [16]. Depending on the local amino 
acid composition of the peptide backbone and the environment it is in, the mucin 
macromolecule has one of these conformations: rigid helix, random coil and compact 
globules [26]. The composition of the amino acid residues in the peptide backbone 
and the carbohydrate side chains are presented in Table 3.
Table 3. Amino acid and carbohydrate composition of the mucin macromolecule. The 
amino acid percentages are dependant on the type of the mucin. The reactive groups 
are colored red [12]._______________________________
Amino 
acid 
(% in 
mucin)
Structure Carbohydrate side chain Structure
Thrionine
(16-23%)
Serine
(10-15%)
Proline
(9-17%)
Glutamic
acid
(4-8%)
Aspartic
acid
(2-8%)
Alanine
(6-10%)
Glycine
(6-7%)
Arginine
(2-3%)
Lysine
(3-5%)
Cystein
(-1.5%)
H3C.
HO
CH- CH-COOH 
NHo
h o - c h 2- c h - c o o h
n h 2
^ n^ cooh
H' H
HOOC-CH2-C H 2~9H-COOH
n h 2
h o o c - c h 2- c h - c o o h
n h 2
CHg—CH-COOH
nh2
H-CH-COOH
NH2
hn- ch2- c h2- ch2- c h - cooh
C=NH NH2
nh2
H2N-(CH2)4-CH-COOH
nh2
hs- ch2- ch - cooh
nh2
Galactose
Fucose
Acetyl-D-
Glucosamine
Acetyl-D-
Galactosamine
Sialic acid
C H jO H  
O H / - — O q h
H-jjJH-CHpH
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One potential application of mucin is as a hydrophilic coating to resist 
bacterial adhesion. In previous studies it was shown that mucin could suppress the 
adhesion of two staphylococcal bacterial species when it is applied as a surface 
coating on different polymers [15]. It was demonstrated that when the hydrophobicity 
of the polymer is reduced or eliminated it would lessen the number of bacterial 
colonies attached to the surface. “The more mucin that is coated on these surfaces, the 
fewer bacteria w ill adhere to them [15].”  This unique property of mucin is due to its 
interfacial activity. On one side of the amphiphilic molecule, the peptide backbone 
adheres to hydrophobic surfaces very easily, and on the other side, the carbohydrate 
side chain surrounds itself with water. The hydrophobicity of the microbial membrane 
deters it from attaching to hydrophilic surfaces.
In experiments done by Shi et. al [26], the effectiveness of a thin coating of 
mucin in resisting the adhesion of Staphylococcus epidermidis was demonstrated. In 
that study they immobilized the layer of mucin using lactin-jacalin interaction. They 
compared the bacterial numbers on bare PS, jacalin, the mucin coated PS surface, and 
immobilized mucin on jacalin. The immobilized mucin on jacalin had the least 
number of bacteria adhering to it, followed by the mucin-coated PS. Their results 
suggested that jacalin-immobilized mucin was superior to mucin layer adsorbed on a 
surface. A  drawback of their technique is that it requires chemical grafting and some 
complicated chemical processes. They only tested their coating on one bacterial 
species (Staphylococcus epidermidis) and so its effectiveness was not fully 
demonstrated.
These results have encouraged us to investigate cell adhesion to bovine 
submaxillary mucin (BSM), which is adsorbed on a surface coated with a 
mucoadhesive polymer to create more robust and uniform coatings that have a better 
resistance to bacterial adhesion than a nonuniform coating as seen in previous studies 
[26]. A  mucoadhesive polymer was used to bind the mucin layer to surfaces allowed 
full coverage of the surface, maximizing the bacterial resistance effect of the mucin. 
Mucoadhesion received a lot of attention recently for its role in drug delivery systems. 
The aim is to achieve dosage localization with parts of the digestive system. Many 
hydrophilic polymers have been investigated for their mucoadhesion properties but 
the most prominent one is poly (acrylic acid) (PAA).
PAA is a negatively-charged molecule at neutral pH with high affinity to 
water [27]. PAA-mucin adhesion occurs because of the hydrogen bonding between
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the carboxylic acid groups present in PAA and the oligosaccharide side chains, 
mainly silaic acid, of the mucin, which is pH dependent. A t pH < 4, the carboxylic 
groups become strong hydrogen-bond donors and acceptors, but they are only 
acceptors when the pH is higher than 4 [13]. Another reason for weakening 
mucoadhesion between PAA and mucin at pH > 4 is because they are both negatively 
charged at pH 7 and the repulsion forces weaken the bond [27]. In this work the 
polymer used is the diblock copolymer poly(acrylic acid)-b~poly(methyl 
methacrylate) (PAA-b-PMMA). The acrylic acid block of the copolymer has a strong 
affinity to mucin molecules, which in turn creates a uniform tightly bound mucin 
layer on the surface. Unlike PAA, PAA-b-PMMA does not dissolve in water, making 
the deposition of mucin on a surface possible since the mucin is deposited from a 
water-based solution. Another reason for using this diblock copolymer is its possible 
biocompatibility. Both PAA and PMMA have been used as biomateriais [2], which 
might make the possibility of approving it as a biomaterial a real one.
To understand the reasons why mucin has the ability to suppress bacterial 
adhesion to its surface, an understanding of the mechanism of bacterial adhesion 
needs to be explained. In the next section I  w ill explain the adhesion process and its 
stages.
1 ,4  B a c te r ia l  a d h e s io n
Bacterial adhesion is one of the leading problems in the medical, dental and 
food industries. It might cause health hazards and/or reduce the life span of a product. 
In medicine, surface-associated bacterial infections are the primary cause of device 
failure [28]. The process of bacterial adhesion to any surface is dictated by many 
variables including the bacterial species, the surface properties and structure of the 
biomaterial and bacteria, and the surrounding environment [28]. Understanding these 
variables w ill allow a fu ll understanding of the adhesion mechanism.
Living cells are divided into two major groups: prokaryotic and eukaryotic 
cells. They differ from each other in two major areas, in the cell outer envelope and in 
the nuclei. Prokaryotic cells, which include all bacterial species, have no membrane 
surrounding their DNA. Instead the genetic information is in circular loops at the 
center of the cell, whereas eukaryotic cells, which include animal, plant and fungal 
species, have their DNA contained within an internal membrane known as the nuclear
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envelope [29]. The other major difference is the outer envelopes; prokaryotic cells 
have two components to its outer envelope: the inner cytoplasmic membrane, which 
facilitates transport in and out of the cell, and the outer cell wall, that contains 
peptidoglycans as the main component. It protects the cell and gives it its shape [30]. 
Eukaryotic cells membranes differ from animal, plant, to fungal cells. Animal cells 
have an outer cytoplasmic membrane that allow it to take many shapes; plant cells 
have an inner cytoplasmic membrane and a rigid outer cell wall made of mainly of 
cellulose; fungal cells are similar to plant cells but the outer cell wall is mainly made 
up of the polymer chitin [31]. There are many other differences between prokaryotic 
and eukaryotic cells that w ill not be discussed in this work, and our focus w ill be on 
the outer membranes, which facilitate the interactions with the surroundings.
To start to understand the bacterial adhesion process we need to take a closer 
look at the prokaryotic outer cell wall since it is the one in contact with the bacteria’s 
environment. Although bacterial cell walls share the same main functions, they differ 
in composition from one species to another. Bacterial species were classified into two 
types, gram negative and gram positive, depending on their outer cell wall ability to 
retain crystal violet dye in the Gram staining test [29, 30]. Gram-negative bacteria 
lose the violet colour when washed with a decolorizing solution. The major 
differences in cell wall composition between gram-positive and gram-negative 
bacteria are presented in Table 4. The cell walls strength comes from a biopolymer 
called peptidoglycan (murein), which is cross-linked with a peptide bond creating a 
mesh-like layer as seen in the illustration in Figure 1.3 [30]. The peptidoglycan layer, 
and the macromolecules attached to it, greatly influences the adhesion strength of the 
bacteria to the surface, especially in the case of the gram-positive bacteria where the 
peptidoglycan layer is much thicker (20-80nm) than that of the gram-negative bacteria 
(7-8nm) [29, 30]. A  further discussion of the effect of the cell walls composition on 
adhesion w ill be presented in Chapter 5.
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T able 4. Types o f cell walls in different bacteria.[28]
Bacteria according 
to staining type
Cell wall composition
Gram-positive
bacteria The cross-linked peptidoglycan layer is thick, homogenous,
e.g staphylococcus and has anionic proteins covalently attached to it.
epidermidis
Gram-negative The cross-linked peptidoglycan layer is thin, monolayer, and it
bacteria is encapsulated in an outer membrane composed of
e.g Escherichia coli phospholipids, proteins, lipopolysaccharide, and lipoproteins .
Figure 1.3. A schematic illustration representing the peptidoglycan 
macromolecule structure.
The properties of a substrate are as important as the cells outer membrane in 
influencing cell adhesion. It may have a charge that may repel or attract the bacterial 
cell. Also the hydrophobicity of the substrate surface plays a major role in initiating 
the adhesion. The chemical composition of the substrate material may attract one type 
of bacteria more than others. For example, an in vitro study by Barth et al. found that
S. epidermidis adhere in larger numbers to polymeric surfaces than metallic surfaces 
and S. aureus adhere more to metallic surfaces [32]. Surface roughness is another 
surface property that increases the surface area and may help the bacterium to anchor 
itself to a surface. Surface roughness w ill be explored further in Chapter 4. Finally, 
the type of media the bacteria and the substrate are in could influence the charges and 
hydrophobicity of the substrate surface and the bacteria. For example, the pH of the
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environment could change the charge from negative charge to neutral or positive 
charge, and these charges may allow the bacteria to attach to a surface it could not 
attach to otherwise [13].
Adhesion, in basic terms, always starts with long-range, non-specific, 
reversible interactions between the unicellular organism and the substrate surface in a 
process termed as the docking stage. Once the cell is in close proximity to the surface, 
short-range, and irreversible interactions such as receptor-ligand binding events occur 
and this stage is called the locking stage [28, 33, 34]. Also some types of bacteria can 
modify the surface they are trying to attach to by depositing a layer of protein on the 
surface first. Then they can go through with the docking and the locking stages. This 
layer is called the conditioning layer, which is made from the bacteria’ s extracellular 
products [28, 33, 34].
The docking stage is the primary adhesion process where the microorganism 
must come into a close proximity of the surface to start. Microorganisms can come 
close to a surface by chance encounter, gravity or by using the flow of the medium 
they are in. Also some bacteria can propel themselves purposely to the surface via 
flagella [33], Once the microorganism is close enough to the surface, the net attractive 
forces must be greater than the net repulsive ones in order for adhesion to occur [28]. 
Electrostatic and Van der Waals (hydrophobicity) are the main long-range 
interactions. These interactions depend on the physiochemical surface properties of 
the organism and the substrate as well as the medium they are in [33].
The locking stage is the secondary adhesion process where the bacteria 
produce ligands and macromolecules that bind specifically to the surface. It is a 
process that is time dependent, meaning the longer the contact time between the 
bacterial and substrate surface, the more bonds are established between them, and thus 
the stronger the adhesion. These macromolecules could be present on the outer cell 
wall or on the pili or flagellum of some species of bacteria, like in the case of 
Escherichia coli. These bonds attach the bacteria firm ly to the surface and cannot be 
broken without physical intervention [28].
After the initial cell adhesion some bacterial species such as Staphylococcus 
epidermidis tend to cement themselves on the surface by secreting a polysaccharide 
matrix called biofilm [35]. Bacteria in these films are very problematic because of 
their resistance to drugs.
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Bacteria cause particular problems in urinary catheters by causing the majority 
of post surgical infections. In the next section we w ill discuss these problems and 
some of the solutions present to deal with it,
1 .5  U r in a r y  C a th e te rs  a n d  C A U T Is
Urinary catheters are widely used in hospitals and nursing homes across the 
world. They are used to provide a temporary relief from physiological abstraction, to 
provide a dry environment for comatose and some post surgical patients, and to allow 
the measurement of urine output for very i l l  patients [36]. Unfortunately, they are 
prone to catheter-associated urinary tract infections (CAUTIs). Catheter-associated 
urinary tract infections are usually caused by pathogens, including Escherichia coli, 
Staphylococcus, Klebsiella, Proteus, enterococcus, Pseudomonas, Enterobacter, 
Serratia, and Candida [37]. Approximately 40% of all hospital-acquired infections 
are accredited to urinary catheters. It has been shown, in previous studies, that 
bacteria colonize the inside and the outside of an indwelling catheter and form a 
biofilm [38]. Hydrophilic polymers, antibiotics, heparin and silver alloys have all 
been used to coat the surface of the catheters in an attempt to reduce the number of 
CAUTIs [36, 37, 38]. Mucin coatings might be suited for coating urinary catheters 
because of their hydrophilicity and lubricity. In this work we chose to study the 
adhesion of Escherichia coli, Staphylococcus epidermidis and Candida albicans 
because of their different surface properties and their relevance to CAUTI.
1 .6  A im  a n d  T h e s is  O v e r v ie w
The aim of the work is to characterize the deposited mucin layer in terms of 
thicknesses, uniformity and interfacial interactions with the mediating diblock 
copolymer PAA-b-PMMA layer. Also we evaluated the mucin layer in terms of 
microorganism adhesion.
In the next few chapters I  w ill discus the experiments conducted, and the 
materials used, as well as the methods of analysis, and the results. And finally I w ill 
summarise the findings of this work and outline any future work necessary. 
Specifically, the methods of analysis are presented in Chapter 2. The experiments and 
results for the thin film  preparation and characterization are presented and discussed
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in Chapter 3. The experiments and results for inteifacial bonding between mucin and 
the PAA-b-PMMA using IR techniques are presented and discussed in Chapter 4. The 
experiments and results for the microorganism cell adhesion evaluation on mucin are 
presented and discussed in Chapter 5. And finally Chapter 6 presents the final 
conclusions of this work and potential future work.
16
References
1. Williams, D.F. Definitions in Biomaterials: Proceedings o f a consensus 
conference o f the European Society o f Biomaterials, v. 4, Elsevier, Chester, 
New York, (1987).
2. Bargman, R.M. Innovations in biomaterials: achievements and opportunities. 
MRS Bulletin, 30 (2005), p. 540-545.
3. Ratner, B.D., Hoffman, A.S., Schoen, F.J., Lemons, J.E. Biomaterial Science: 
Introduction to Materials in Medicine. Second edition, Elsevier Academic 
Press, San Diego, and London, (2004).
4. Castner, D.G., and Ratner, B. D. Biomedical surface science: foundations to 
frontiers. Surface Science, 500 (2002), p. 28-60.
5. Wong, J.Y., Bronzino, J.D. Biomaterials. CRC press, BocaRaton, (2007).
6. Le Guehennee, L., Lopez-Heredia, M., Enlcel, B., Weiss, P., Amouriq, Y. and 
Layrolle, P. Osteoblastic cell behaviour on different titanium implant surfaces. 
Acta Biomaterialia, 4(3) (2008), p. 535-543.
7. Shi, L., Northwood, D.O., Cao, Z. A lloy design and microstructure of a 
biomaterial Co-Cr alloy. Journal o f Material Science, 28(5) (1993), p. 1312- 
1316.
8. Pask, J.A., Evans, A.G. Ceramic Microstructures: Role o f Interfaces. Plenum, 
London, (1987).
9. Bray brook, J.H. Bio compatibility Assessment o f Medical Devices and 
Materials. John Wiley and Sons Ltd., West Sussex, (1997), p. 1-19.
10. Kumon, H., Hashimoto, H., Nishimura, M., Monden, K. and Ono, N. Catheter- 
associated urinary infections: impact of catheter materials on their 
management. International Journal o f Antimicrobial Agents, 17(4) (2001), p. 
311-316.
11. Ashammakhi, N. and Reis, R.L. Tissue Engineering, v.2. Expertissue E-book. 
(2006) (www.oulu.fi/spareparts/ebook_topics_in_t_e_vol2/cover.html) 
11/12/2007.
12. Anderson, J.M., and Kottke-Marchant, K. Platelet interactions with 
biomaterials and artificial devices. CRC Critical Reviews in Biocompatibility, 
1(2) (1985), p. 111-204.
17
13. Peppas, N.A., and Huang, Y. Nanoscale technology of mucoadhesive 
interactions. Advanced Drug Delivery Reviews, 56(11) (2004), p. 1533-1536.
14. Malmsten, M., Blomberg, E., Claesson, P., Caiistedt, I. and Ljusegren, I. 
Mucin layers on hydrophobic surfaces studied with ellipsometry and surface 
force measurements. Journal o f Colloid and Interface Science, 151(2) (1992), 
p. 579-590.
15. Shi, L., Ardehali, R., Caldwell, K.D., and Valint, P. Mucin coating on 
polymeric material surfaces to suppress bacterial adhesion. Colloids and 
Surfaces B: Biointerfaces, 17 (2000), p. 229-239.
16. Strous, G.J., and Dekker, J. Mucin-type glycoproteins. Critical Reviews in 
Biochemical Molecular Biology, 27(1-2)(1992) p. 57-92.
17. Bansil, R, Stanley, E, and LaMont, J.T. Mucin biophysics. Annual Review of  
Physiology, 57 (1995), p. 635-657.
18. Vasileiou, G. Characterization o f Thickness in Air and Swelling in Water of  
Biocompatible Polymer Layers Using Ellipsometry. Masters Thesis; 
University of Surrey, Physics Department, Guildford, Surrey, (1997), p. 1-6.
19. Sheehan, J.K., Oates, K., and Carlsted, I. Electron microscopy of cervical, 
gastric and bronchial mucus glycoproteins. The Biochemical Journal, 239 
(1986), p. 147-153.
20. Bloomfield, V.A. Hydrodynamic properties of mucus glycoproteins. 
Biopolymers, 22 (1983), p. 2141-2154.
21. Bansil, R., and Turner, B.S. Mucin structure, aggregation, physiological 
functions and biomedical applications. Current Opinion in Colloid and 
Interface Science, 11 (2006), p. 164-170.
22. Sheehan, J., Kirkham, S., Howard, M., Woodman, P., Kutay, S., Brazeau, C., 
Buckley, J., and Thornton, D.J. Identification of molecular intermediates in the 
assembly pathway of the MUC5AC mucin. Journal of Biological Chemistry, 
279 (2004) p. 15698-15705.
23. McMurry, J. Organic Chemistry: A Biological Approach. Thomson 
Broolcs/Cole, Belmont, (2006).
24. Perez, E., and Proust, J.E. Forces between mica surfaces covered with 
adsorbed mucin across aqueous solution. Journal o f Colloid and Interface 
Science, 118 (1987), p. 182-191.
18
25. Lee, S., Muller, M., Rezwan, K., and Spencer, N.D. Porcine gastric mucin 
(PGM) at the water/poly(dimethylsiloxane) (PDMS) interface: influence of pH 
and ionic strength on its conformation, adsorption, and aqueous lubrication 
properties. Langmuir, 21 (2005), p. 8344-8353.
26. Shi, L., Ardehali, R., Valint, P., and Caldwell, K. Bacterial adhesion to a 
model surface with self generated protection coating of mucin via jacalin. 
Biotechnology letters, 23 (2001), p. 437-441.
27. Park, H., and Robinson, J.R. Mechanisms of mucoadhesion of poly (acrylic 
Acid) hydrogels. Pharmaceutical Research, 4(6) (1987), p. 457-464.
28. Rutter, P.R., Dazzo, F.B., Freter, R., Gingell, D., Jones, G., Kjelleberg, S., 
Marshall, K., Mrozek, H., Rades-Rohkohl, E., Robb, I., Silverman, M., and 
Tylewska, S. Mechanisms of adhesion. In: Microbial Adhesion and 
Aggregation. Marshall, K.C. (Ed). Berlin: Springer-Verlag, (1984), p. 5-19.
29. Prescott, Harley, and Klein. Microbiology. Second edition. Wm. C. Brown 
Publishers. Dubuque, Melboum, Oxford (1993).
30. Hancock, I, Poxton, I. Bacterial Cell Surface Techniques. Second edition, A  
Wiley-Interscience Publication, Chichester, New York (1988).
31. Lee, E.Y.C., Smith, E.E. Biology and Chemistry of Eukaryotic Cell Surfaces. 
v.7. Academic Press, New York, London, (1974).
32. Barth, E., Myrvilc, Q.M., Wagner, W., Gristina, A.G. In vitro and in vivo 
comparative colonization of Staphylococcus aureus and Staphylococcus 
epidermidis on orthopedic implant materials. Biomaterials, 10(5) (1989), p. 
325-328.
33. Gingell, D., Vince, S. Long-range forces and adhesion: an analysis of cell- 
substratum studies. In: Cell Adhesion and Motility. Curtis, A. and Pitts, J. 
(Ed). Cambridge: Cambridge University Press, (1980), p. 1-37.
34. Wardell, J.N. Methods for the study of bacterial attachment. In: Methods in 
Aquatic Bacteriology. Austin, B. (Ed). Chichester: Wiley, (1988), p 389-415.
35. Mack, D., Becker, P., Chatterjee, I., Dobinsky, S., Knoblock, J., Peters, G., 
Rohde, H., and Herrmann, M. Mechanisms of biofilm formation in 
Staphylococcus epidermidis and Staphylococcus aureus: functional molecules, 
regulatory circuits and adaptive responses. International Journal o f Medical 
Microbiology, 294 (2004), p. 203-212.
19
36. Tenke, P., Jackel, M., and Nagy, E. Prevention and treatment of catheter- 
associated infections: myth or reality?. EAU Update Series, 2 (2004), p. 106- 
115.
37. Wong, E.S., and Hooton, T.M. Guideline for Prevention of Catheter- 
Associated Urinary Tract Infections. CDC, Centers o f disease control and 
prevention. (http://www.cdc.gov/ncidod/hip/guide/uritract.htm) 23/11/2005.
38. Davenport, K., Keeley, F. X. Evidence for the use of silver-alloy-coated 
urethral catheters. Journal o f Hospital Infections, 60 (2005), p. 298-303.
20
C h a p t e r  2
M a te r ia ls  a n d  p r in c ip le s  o f  te c h n iq u e s
2 .1  C h a p te r  o v e r v ie w
As stated in the previous chapter, the aim o f this work is to create a robust 
mucin coating and evaluate the adhesion o f three types o f microorganisms, 
Staphylococcus epidermidis, Candida albicans, and Escherichia coli, on the coating. 
We employed five techniques to help us assess the mucin coating and to understand 
our experimental results. The first technique used is variable angle spectroscopic 
ellipsometry (VASE), which gave us the means to non-invasiveiy obtain the film  
thicknesses o f the coatings. The second technique was Fourier transform infrared 
(FTIR) spectroscopic ellipsometry, which was used to investigate the bonding at the 
interface between the base polymer layer and the mucin top layer. This technique 
gave us the means to look at the effect o f pH on the bonding type and the 
conformation o f mucin on the surface o f the base polymer layer. The next two 
techniques used were aimed to look at the surface morphology and surface energy o f 
the bare and mucin coatings used in these experiments. Surface roughness was 
measured using an atomic force microscope (AFM) and images were produced o f the 
surfaces. Another surface property was the hydrophobicity o f the coating, which was 
measured using a contact angle analyzer. And finally, in order to assess cell adhesion 
to the mucin coating, direct counting o f the microorganisms using a haemocytometer 
and an optical microscope was employed.
In this chapter I w ill give a brief description o f each o f the techniques used 
and the materials used to perform the experiments. The chapter is divided into three 
major sections according to the purpose o f the technique employed, starting with thin 
film  preparation, then thin film  characterization, and ending with cell adhesion.
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2.2 Thin film preparation
In this set o f experiments we focused on creating a thick robust mucin film  
that can coat a variety o f base substrates. Silicon was used as the substrate o f choice 
because o f its smooth surface and high reflectivity. Then a layer o f mucin was 
adsorbed on the surfaces o f the polymer poly(methyl methacrylate) (PMMA) and the 
diblock copolymer poly(acrylic acid) -  poly(methyl methacrylate) (PAA-b-PMMA), 
and the thicknesses were obtained using variable angle spectroscopic ellipsometry 
(VASE).
2.2.1 Polymeric materials
PM M A is a glassy, strong polymer with veiy low water absorption and it 
transmits up to 98% o f visible light per meter. It has a density o f 1.19g/cm3 and 
refractive index o f 1.49, with this molecular formula (CsC^Hgjn as seen in Figure 2.1 
[1]. It is used as glass replacement and in medicine; a PMMA resin has been used by 
orthopaedic surgeons in bone cement for jo int replacement or to replace a skull bone 
defect, just to name a few [2]. PMMA was purchased from Polymer Laboratories UK, 
with a molecular weight o f 80,000 g/mole.
PAA-b-PMMA is a block copolymer made from a block o f hydrophilic 
acrylic acid and hydrophobic methyl methacrylate as seen in Figure 2.2. Its
water because o f the M M A block. A t the same time, it has high affinity to mucin 
because o f the A A  block. It was purchased from Polymer Sources Inc., (sample No.
■AAAr^Cff*-----
Figure 2.1. PMMA chemical structure.
amphiphilic property makes it ideal for our experiments since it does not dissolve in
2 2
P2993-AAM M A), Mn: PAA(28,000g/mole)-b-PMMA(10,000g/mole) and Mw/Mn: 
1.14.
COsrt C = 0
o
CH,
Figure 2.2. PAA-b-PMMA chemical structure.
M ucin is an organic compound composed o f both a protein backbone and 
carbohydrate side chains linked together with covalent bonds. Figure 2.3 shows the 
mucin glycosylated domain with its core peptide chain and oligosaccharide side 
chains branching from it. These structures occur in many organisms and they serve as 
a protective barrier and in cell-cell signaling and interactions [3]. In our experiment 
we used mucin that has been extracted from the bovine submaxillary gland (BSM). It 
was purchased from Sigma, catalogue No. M  3895, type 1-S as lyophilized powder 
with approximately 12% bound sialic acids.
HO^OR1 HO^ORi HD^OR1
R’o £ &  R’o £ &
AcHN * AcHNJ. AcHhfl
hVrVrVirV 
,1  '
°
0 * ^ 0  R R a = oligosaccharides
Figure 2.3. The chemical stracture o f mucin’s glycosylated 
region.
2.2.2 Variable Angle Spectroscopic Ellipsometry (VASE)
VASE is an optical technique that uses polarised light to investigate the 
dielectric properties and spatial profile o f a sample. It is a non-invasive optical 
technique for determining the optical constants n and k (index o f refraction and 
extinction coefficient, respectively), film  thickness, interface roughness, and
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multilayer structures. The technique depends on the fact that the polarization o f the 
light changes when it is reflected from an interface, because o f the difference in the 
refractive index at the interface, as seen in Figure 2.4. Ellipsometry is a very sensitive 
measurement technique that can be used to measure layers as thin as 1 nm and as 
thick as several microns [4].
1. linearly polarized light...
E  p-plane
2. Reflect o ff  sample ...
Figure 2.4. Light passing and reflecting from a sample in the ellipsometric 
technique. Image obtained from ref [3]
As in many optics textbooks [5, 6], a good point to start explaining the theory 
behind ellipsometry is introducing the basic concepts o f electromagnetic waves and 
polarized light. Light is an electromagnetic radiation, which was interpreted by 
Maxwell's classical theory to have two components perpendicular to each other. 
These components are the electrical and the magnetic fields oscillating in single 
planes at right angles to each other (Figure 2.5). The wavelength range o f the 
electromagnetic spectrum extends from radio waves to y-rays (Figure 2.6).
Figure 2.5. Electromagnetic wave showing the electric and magnetic 
components.
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Figure 2.6. The electromagnetic spectrum.
The electromagnetic wave can be specified with either one o f the magnetic or 
the electrical components, but for simplicity we w ill look at the electric field only. 
The electromagnetic wave (light) can be represented mathematically as
A -  A0 s inf- — (x -  vi)+ %
V X J
where A is the wave’s electric field strength at any time or place. Ao is the amplitude, 
which is the maximum field strength, x is the distance along the propagation direction 
o f the wave, t is time, v is the velocity o f the light and £ is the arbitrary phase angle. 
The intensity o f the wave is the amount o f energy per second per unit area 
perpendicular to the propagation direction o f the wave. It is proportional to the square 
o f the amplitude A as given by
/  = —
where c is the speed o f light (3 X 108m/sec in a vacuum)
Before we move on to polarized light we need to consider the interactions that 
occur between the light and the material it passes through. A t a planar interface, light 
passes through the first medium and just before it enters the second medium, some o f 
the light gets reflected at an angle equal to the angle o f incidence. The rest o f the light 
travels through the second medium after being refracted at a certain angle to the 
interface, determined by the two media o f that interface. This phenomenon is due to 
the difference between the refractive indexes between the two media. The complex
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refractive index JV is the combination o f both the real and imaginary parts and is given 
as
N  = n + ik
where n is the real part (refractive index) and k is the imaginary part (extinction 
coefficient). The refractive index n is given by the velocity o f light in vacuum divided 
by the velocity o f light in the medium. And the extinction coefficient k is given by
k =  — a  
4ft
where X is the wavelength in vacuum and a is the absorption coefficient, k describes 
how the light intensity w ill decay as it travels through the medium.
Light emitted from light sources can be unpolarized, like most light sources, or 
polarized light. Unpolarized light is described by electric fields arranged in all 
possible directions perpendicular to the direction o f travel. As for the polarized light, 
there are three types o f polarization depending on the arrangement o f the components 
o f the electric field. The first one is when all the photons have the electric field 
oriented in one direction. This is called linear polarization. The second is when the 
two components o f the electric field are equal in magnitude but they have a phase 
difference o f 90°. Then the light is called circularly polarized. And lastly, i f  the two 
electric field components are not equal in amplitude and are not in phase, it is 
elliptically polarized light. This last state o f light polarization is the general state o f 
polarization and the first two are special cases.
Ellipsometery measurements are based on determining the polarization 
parameters o f the ellipse o f the initial and reflected beam. This change in polarization 
is a direct result o f the difference in the Fresnel reflection coefficients for two linear 
polarization states, in the plane o f reflection (p) and perpendicular to the plane o f 
reflection (s) as seen in figure 2,4.
The ratio o f the Fresnel coefficients (Rp /  Rs) defines the complex parameter 
ellipticity (p). The amplitude o f p defines the tangent o f the ellipsometry angle if/ and 
the phase o f p defines the other ellipsometric angle A.
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Rp ♦=  — — = tan  y/e
R s
Physically, the two ellipsometric angles y/ and A can be defined as follows.
and the phase difference (Sp - S s). After reflection both the amplitude ratio and the
phase difference change. The angle A is the phase difference after reflection and \j/ is 
the ratio o f the amplitude ratios before and after reflection:
Ellipsometry does not directly measure the thickness o f thin layers or the 
optical constants. Instead it measures the two ellipsometric angles \\f and A. The 
thickness and the optical constants are then extracted by fitting the data to a model 
(such as Figure 2.7). The model is constructed based on the system to be analysed. To 
simulate polymers, solvents, or other transparent dielectrics, we use the Cauchy 
dispersion relation, which describes the dependence o f the real part o f the refractive 
index n on the wavelength X:
where A, B, and C  are the fitted parameters. This relation is veiy useful because it 
reduces the unknown optical dispersion o f a material to two or three unknown 
parameters only.
Before reflection the polarized light is characterized by the amplitude ratio (Ap /  As)
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Figure 2.7. An example model constructed to simulate the system being
The experimental data is fitted to the simulated data and a best fit achieved by 
minimising the value o f  the mean square error (MSE). MSE is the sum o f squares o f 
the difference between experimental and simulated data, where the differences are 
weighted by the measured point’ s standard deviation (o) and calculated by this 
relation:
where, M  is the number o f  parameters the model fits and N is the number o f  (iff, A) 
pairs.
Variable angle spectroscopic ellipsometry (VASE) combines the ability o f  
varying the angle o f  incidence and varying the wavelength. This ability allows the 
ellipsometer to make the measurement near or at the pseudo-Brewster angle (where 
A= 90°) to produce the highest sensitivity and accuracy in measuring the polarized 
light parameters. The Brewster angle is defined as the angle o f incidence where all the 
polarized light perpendicular to the plane o f  reflection (s-plane from Figure 2.4) is 
reflected and it is characteristic o f  the dielectric material. It is important for 
ellipsometric measurements because the precision and accuracy o f  the A 
measurements becomes poor near 0° or 180° and improves the closer we get to the 
pseudo-Brewster angle. VASE is capable o f  analysing a very broad range o f materials 
and structures. It can be used to characterize sample materials that a fixed angle 
ellipsometer cannot analyse [5].
analysed.
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2 .3  T h in  f i l m  c h a r a c t e r i s a t i o n
2.3.1 Infrared (IR) analysis of mucoadhesion (the interface between 
PAA-b-PMMA and mucin)
In this work we created bilayer system made from PMMA as a base in one 
system and PAA-b-PMMA as the base in another, and mucin was deposited on top. 
The mucin on top o f  the PAA-b-PMMA was deposited from two pH different mucin 
solutions, one at pH 7 and the other at pH 3. This was done to look at the interface 
between PAA-b-PMMA and mucin and to observe the changes in mucoadhesion 
bonding due to the pH change.
2.3.1.1 IR and IR spectroscopy
Historically [7, 8], Sir William Herschel was the first scientist to note the 
presence o f  radiation beyond the visible light. In 1800 Sir William devised a set o f 
experiments that focused on the region below the red color region on the visible light. 
He concluded that below the red region (in terms o f  energy) exists radiation that 
behaved like visible light in terms o f  reflection, absorption and emission and he 
labeled it as Infrared light (the prefix Infra in Latin means “below” ). Throughout the 
19th century more scientists tried to explore further the infrared region o f  light using 
more sensitive thermometers than the ones Sir Herschel had used, such as 
thermocolumns and bolometers (resistance thermometers). During that time infrared 
light was only considered as a physical phenomenon, and it was not until the 
development o f  the first sufficient detectors and the Echelette grating (separates the 
IR spectrum into its different frequencies) in the early twentieth century that IR was 
used to identify chemical bonds. Then the first automated photometer was developed 
by Lehrer in 1937, and the first published infrared absorption spectra for analytical 
purposes were reported in 1946. From then the use o f IR photometers developed 
rapidly but it did not gain importance until the introduction o f Fourier transform and 
fast computing machines in the 60s and the 80s, respectively.
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The usefulness o f  IR spectroscopy arises from two reasons: the high 
information content o f  a spectrum and the fact that virtually any sample in any state 
can be studied. Sample examples include liquids, solutions, powders, gels, films, 
fibers, gases, and pastes. Polymers, organic and inorganic compounds, oils, paints, 
drugs, lubricants, clays, atmospheric samples and food additives have all been studied 
by using infrared spectroscopy [9].
Infrared spectroscopy is a technique based on the interaction between infrared 
radiations with the atoms o f  molecules. These interactions lead to the absorption o f  
the radiation and cause the atoms to vibrate. Basically, the IR spectrum is obtained by 
passing the radiation through a sample and determining what fraction o f  the radiation 
is absorbed at a particular energy.
One o f  the major discoveries made about electromagnetic radiation was the 
velocity o f  light in vacuum c. It was reported that the speed o f  light in vacuum is 
constant and has the value o f  c -  2.997925 X 108ms'1. The velocity o f  light is the 
product o f  the wavelength (A) with the frequency (v), where the wavelength is the 
distance between adjacent peaks and the frequency is the number o f  cycles per 
second.
c = A, v
For spectroscopists, the wavelength is represented in subunits o f  a meter or a 
imit called wavenumber, which is expressed as its inverse in units o f  cm"1. 
Wavenumber (/c) is the most common unit used in infrared spectroscopy because it is 
linear with energy. Wavelength and wavenumber are related to one another using this 
equation:
Also, since E = — , where E is the energy, h is Planck’s constant (6.63 x 10"34 
X
J.sec). So, — qc E and then k oc E hence the linear relationship.
X
Maxwell's classical theory assumes that matter could interact with energy in a 
continuous form, which was inconsistent with a few experimental observations. In the 
19th century scientists such as Planck, Bohr and Einstein indicated that 
electromagnetic wave could be viewed as a stream o f discrete energy packets called
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quanta where, E =hv as we saw above. As a result o f  this relation, vibrations and 
rotations associated with infrared spectroscopy can be explained in terms o f  discrete 
energy levels E0, E E 2, etc. (Fig. 2.8)
---------------------------------------------- £3
---------------------------------------------- £2
Absorption
followed by 
Deactivation
------------------- 1 ------  1
Excitation
f o l l o w e d  b y  
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Z'Q
Figure 2.8. Illistration o f  the process o f  absorption / deactivation and 
extinction / emission.
According to this theory each electron, which makes up chemical bonds, must 
exist in one o f these energy levels and can move from its energy level to another by 
interacting with radiation. As the electron o f  an atom interacts with radiation a 
quantum o f energy is either absorbed or emitted. The frequency o f  this energy is 
given by the following relationship:
h
Associated with the absorption o f  a quantum o f energy is a process o f  deactivation, 
which returns the electron to its original energy level. On the other hand, associated 
with the emitting energy is a prior excitation mechanism.
In order to understand the interaction o f  infrared radiation with matter we need 
to look at the changes in the molecular dipoles associated with vibrations and 
rotations. A molecule will not absorb infrared radiation unless the vibration or 
rotation can cause a change in the net dipole moment, where the electrical field o f the 
radiation is interacting through coupling with the fluctuation in the molecule’ s dipole 
moment.
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Each vibration or rotation has a characteristic energy that corresponds to a 
particular IR frequency. Hence, absorption o f  IR can be used to identify the bonds in a 
substance.
A molecule can be thought o f  as a system o f masses joined by spring-like 
bonds. From that we can conclude that a molecule can move in three ways: 
translational, rotational and vibrational movements. For example, a diatomic has three 
degrees o f  translational freedom, two degrees o f  rotational freedom and one 
vibrational freedom. Polyatomic molecules with N number o f  molecules will have 3N 
degrees o f  freedom. In the case o f  triatomic molecules the degrees o f  freedom differ 
between linear and nonlinear molecules where the movement modes are summarised 
in Fig 2.9.
V V W  VV
Symmetric
stretching
Asymmetric
stretching Bending Rotations
Figure 2.9. The vibration and rotation modes o f a linear and nonlinear 
triatomic molecule. Recreated from ref [9].
Depending on the state o f  the molecule, different types o f  movements 
becomes more important than other. For example, rotational movements are only 
important when acquiring an IR spectrum from a sample in the gaseous state because 
the peaks are sharp due to the freedom o f movements. Liquid samples display 
rotational movements as a very broad peak, which are influenced by collisions with 
other nearby molecules. Molecules in the solid state do not show any rotational 
movements because they are hindered by strong bonds with neighbouring molecules.
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Hince, the vibrational peaks are sharp and clear because o f  the absence o f  the 
rotational movements.
As a result o f  thousands o f  infrared spectroscopy experiments, scientists were 
able to compile the absoiption frequencies o f  most organic chemical groups in tables 
that spectroscopists today use to interpret their IR results (Table 2.1). Scientists today 
keep assigning more absoiption frequencies to groups they were not able to see before 
because o f  the improved quality o f  the IR spectra and because o f  other new 
frequencies, which arise as the molecule changes conformation or folds. IR spectra 
today are a lot sharper than the ones acquired 10 years ago due to the developments o f  
new enhancing experimental techniques and deconvolution methods. A  summary o f  
absoiption frequencies relevant to polymers is presented in Table 2.1.
Table 2.1. Examples o f  IR absoiption frequencies. [10]
Bond Molecule Type Absorption Frequency Range (cm"1)
Alkanes
2960-2850 stretch 
1470-1350 scissoring and bending
C-H
Alkenes
3080-3020 stretch 
1000-675 bend
Alkynes
3333-3267 stretch 
700-610 bend
Aromatic rings 3100-3000 stretch
C=C
Aromatic rings 1600-1500 stretch
Alkenes 1680-1640 stretch
C-0
Alcohols, Ethers, Carboxylic 
acids, Esters
1260-1000 stretch
Aldehydes, Ketones,
C=0 Carboxylic acids, Esters, 
Amines
1760-1670 stretch
O-H
Alcohols, Phenols 3600-3200 stretch
Carboxylic acids 3000-2500 stretch
N-H Amines
3500-3300 stretch 
1650-1580 bend
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The IR spectra o f complex molecules are full o f  absorption information but the 
peaks appear broad and not specific. These broad peaks are made o f  overlapping 
bands and they make the identification o f  the different groups very hard and not 
precise. As a result, scientists developed mathematical solutions to separate these 
overlapping bands and sharpen the peaks dierefore enhancing the spectral resolution.
2.3.1.2 Spectral curve deconvolution
The untreated infrared spectra o f  complex compounds appear as broad 
overlapping bands. These complex bands do not reveal the individual components o f  
the substance under investigation making any attempt at interpretation veiy difficult. 
Spectroscopists attempt to enhance IR spectra by reducing background noise and 
drying the samples to minimize the influence o f water on the spectra but most o f  the 
time these attempts are not very successful in narrowing the complex bands enough to 
reveal the finer details. Therefore, for a long time scientists have been developing 
resolution enhancement methods to resolve complex IR bands. Mathematical 
correction o f  the spectra to enhance its resolution is applied with more success, such 
as deconvolution o f spectral curves [11].
Two methods have been used widely in IR spectroscopy: the derivative 
method developed by Savitzky and Golay [12] and Fourier self-deconvolution (FSD) 
method developed by Kauppinen et. al. [13]. Other methods used successfully are 
based on maximum entropy spectral estimation [14].
The derivative and FSD methods are linear in respect o f  initial spectra, hence, 
are considered as linear digital filters. The general form o f the bandpass filtration in 
the wavenumber domain is [12]
u(v) = hP F (v )* u(v) = hH (v) * hL (v )* u(v)
where v is wavenumber (cm-1), * is the deconvolution operation symbol, u(v) is the 
resulting higher resolution spectra o f  the original u(v), and hP.F., hH, and hL are 
impulse responses o f  the bandpass, the high-pass and the low-pass filter respectively. 
In the Fourier domain the expression becomes
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u(v)=  ( h  „ {x )u (x )H  L(x) exp(i2ftvx)dx
- X
where x is the special frequency in cm, Hh(x)  and Hfax) are the amplitude frequency 
characteristics o f  the high-pass and the low-pass filter respectively, and U(x) is the 
Fourier transform o f  the original spectrum u(v).
In this work the use o f  FSD method was applied to the IR spectra, acquired by 
IR ellipsometry, by Nataliya Nikonenlco to resolve the complex IR bands in the 
copolymer PAA-b-PMMA and mucin. In this method the high-pass filter is the 
function o f  the band shape and the low-pass filter is the apodization function. The 
high-pass filter was applied to improve the resolution and the low-pass filter was used 
to remove noise [12]. Each filter has its own parameters which should be given before 
the mathematical resolve.
The method proposed and applied by Dr Nikonenlco is based on three 
fundamental principles: (1) the regularized method o f solving the convolution 
equation, (2) the use o f the low-pass digital filter, which permits the determination o f  
its precise characteristics, and (3) the use o f  Fourier transform o f the spectrum to gain 
a priori information about the frequency characteristics o f  the solution and noise in 
order to determine the optimum parameters o f  the regularizing operator. The use o f 
these principles allows the acquisition o f  a stable solution for the problems associated 
with spectral curve deconvolution [12],
The original IR spectra o f  PAA-b-PMMA was acquired by using an infrared 
spectroscopic ellipsometer, which permits the acquisition o f  the data from thin films 
and their interfaces, as we will see in the next section.
2.3.1.3 Infrared Spectroscopic Ellipsometry (IRSE)
Infrared spectroscopic ellipsometry uses the same techniques and methods as 
described for the VASE but instead o f  using visible light this instrument uses 
radiation in the infrared region. As VASE, IR ellipsometry records the changes in \j 
and A, that are compared and fitted to a simulation to deduce the sample thickness 
plus the optical properties o f the sample, such as the refractive index. The spectra 
were fitted to the simulated data by finding the complex refractive index o f  the
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substance under investigation. IRSE is a very sensitive technique to small changes at 
the interface created by bonding between two films in contact [15]. IRSE differs from 
VASE in the added advantage o f  having the IR absorption information, which can 
give valuable insight to the chemical structure and bonding o f  the sample.
As we discussed in section 2.2.2, ellipsometry detects and measures changes 
in polarization state o f reflected light o f  a surface. This change is expressed as the 
complex number p called ellipticity:
p  = tan^e'A
where y/ is the change in the amplitude o f  the light and A is the change in the phase o f 
the light. The data collected from IRSE was used to calculate the optical density o f the 
sample, which was reported to be the best representation o f  chemical changes at a 
surface [16,17]. The optical density D  is a complex number that has a great sensitivity 
to a surface layer, which enables us to identify some o f  the chemical groups present in 
the sample o f interest when plotted against the wavenmnber. D  is the natural 
logarithm o f the (ellipticity (p) o f  the bare surface / ellipticity o f  the coated surface) 
and it has two components Real D  (Re D ) and Imaginary D (Im D). The intensity o f 
the peaks present in the Im D  and Re D  spectra represents the concentration o f the 
chemical group that corresponds to that absorption frequency [18]. Re D and Im D 
then are calculated using these equations.
Re D = In
and
tan If/(baresurface)
tan Iff  (coatedsinface)
Im D — / ( A (bareswface) A(coatedsurface))
The calculated Re D and Im D  were plotted against the wavenumber and the 
peaks were identified and labeled with the chemical group that corresponds with it. In 
this work we will concentrate on the spectra plotted from Re D  because it resembles 
general infrared spectroscopy spectra more closely.
IRSE differ from normal IR spectroscopy in the fact that it is able to provide 
the IR absoiption data o f  veiy thin films and interfaces plus thicknesses and other 
optical properties. It was very useful in this work because we needed the IR
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absorption peaks o f  the interface between two thin layers o f  PAA-b-PMMA and 
mucin to identify the bonding process between them.
2.3.2 Roughness analysis
In our experiments we made single layer films and scanned the surfaces before 
and after mucin adsorption with an atomic force microscope to observe the change in 
morphology and surface roughness. This was done to determine the effects o f  
adsorbing mucin on the morphology o f  the polymeric surfaces and the effect o f  pH on 
the morphology o f  the mucin layer, which can greatly influence the adhesion o f 
microorganisms to these surfaces.
Atomic Force Microscopy (AFM)
Atomic Force Microscopy is one o f  the leading tools being used to solve 
material problems in a wide range o f technologies affecting the electronics, 
telecommunications, biological, chemical, automotive, aerospace, and energy 
industries. The materials being investigated include thin and thick film coatings, 
polymers, ceramics, composites, glasses, synthetic and biological membranes, metals, 
and semiconductors. AFM is being applied to studies o f  phenomena such as abrasion, 
adhesion, corrosion, etching, friction, lubrication, and polishing. By using AFM, one 
not only can image the surface with nm resolution, but also measure the force 
between a tip and surface and manipulate matter at the nanoscale [19, 20].
The scanning tunnelling microscope (STM), which was developed at the IBM 
Zurich labs in 1982 by Binning and Rohrer, probes the surfaces o f  conducting 
materials and measures the tunnelling current created between the tip o f  the probe and 
the material. This discovery lead to the development o f  the AFM in 1986 by Binning, 
Quate and Gerber, which measures deflection movements o f  a sharp probe, due to 
interactions with the surface material, as a function o f  position across the sample to 
map out the surface [20].
AFM is a fast developing research technique and new applications are being 
proposed all the time, such as chemical activation [21]. It has also been used in 
conjunction with other technique such as Raman spectroscopy and scanning near field
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optical microscopy. These techniques provide further analysis to samples widening 
the applications o f  the AFM and making it an invaluable tool for material sciences.
AFM consists o f  a flexible cantilever with a sharp tip at one end that scans in 
the XY plane over the sample surface and detects the interaction force between the tip 
and the sample. A laser beam that is focused on the back o f the cantilever and 
reflected o ff towards a photodiode detector is used to detect the deflection o f  the 
cantilever. Any variation o f the surface height varies the force acting on the tip and 
therefore varies the bending o f  the cantilever, which is detected by the 
laser/photodiode detector (figure 2.10). Current signals from the segmented 
photodiode are used as a sensitive measure o f  the forces experienced by the scanning 
cantilever and as a means o f  generating height data (Z scale). Attractive forces, like 
Van der Waals, and repulsive forces arising from the Coulomb potential and overlap 
o f  electron clouds are directly measured by the changing deflection o f  the cantilever 
when it moves across the surface. The deflection o f  the cantilever is an indication o f 
the height and thus the topographic properties o f  the sample.
Figure 2.10. The deflection o f  the laser beam o ff o f the cantilever and to the 
photodiode detector.
A force between a surface and the cantilever tip must occur when the tip is in 
contact with a surface. If for example the mechanical properties, such as elasticity, are 
important to know, a force-distance curve can be obtained which contains information 
about the adhesion force and elastic properties. A force-di stance curve is a measure o f 
the attraction or repulsion forces that occur between the tip and the surface in relation 
to height (Z scale). That is possible because cantilevers behave like springs. Thus if
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the spring constant is known out o f  a calibration procedure, the force between surface 
and tip can be calculated easily.
AFM can be operated in three deferent modes: contact, semi-contact (tapping) 
and non-contact mode. The choice o f  the mode o f  operation depends on the material 
and the parameters required. In contact mode the cantilever and surface are in 
physical contact and repulsive/attractive forces are measured by the changing 
deflection. Also the lateral deflection o f  the cantilever enables the measurement o f  
friction forces. Contact mode is not only used for topography and lateral force 
measurements but it is also used to manipulate the surfaces at a nano-scale (nano­
lithography) and force curve measurements. Semi-contact mode is used to shorten the 
tip’ s contact time by tapping the surface to avoid damaging soft surfaces. The phase 
images obtained in semi-contact mode are based on the shift in phase between the 
resonance frequencies o f  the cantilever and the driver electronics, which depends on 
energy dissipation with the surface. These shifts in phase are indications o f  the 
viscous component o f  a viscoelastic material. As for non-contact mode, it depends on 
the repulsion/attraction forces without physical contact between the cantilever and the 
surface o f  the material. Both semi-contact and non-contact modes are mainly used for 
soft materials, e.g. biological materials and gels.
2.3.3 Surface energy analysis and hydrophobicity
Surface energy is one o f  the most important factors when we study adhesion to 
solid surfaces. It could determine whether an object or microorganism could bond to 
the surface or not. In this work a drop o f  water with a known volume is deposited on 
our different surfaces, the single and bilayer systems. Then the contact angle was 
measured to assess the hydrophobicity o f  these surfaces.
Surface energy is defined as the work required to increase the surface area o f  a 
substance by unit area [22]. In other words it is what determines if  the liquid being 
studied will wet the solid surface o f  interest or not. At the liquid/solid interface, if  the 
free energy is lower when a liquid is in contact with a surface, wetting occurs. In 
contrast, if  the molecules o f  the liquid are attracted to each other and they have high 
free energy on contact with the solid surface, then the liquid does not have the ability 
to wet the solid surface.
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When a drop o f  liquid is placed on a solid surface, there are three interfaces 
that would exert forces on the drop until it reaches equilibrium. These interfaces are 
formed between solid (S) and gas (G), S and liquid (L), and L and G. At equilibrium, 
these forces will be balanced and can be expressed in this way:
Ygs = Yls + Y gl cos#
where, y is the interfacial tension, which is another term for surface energy if used to 
describe forces at the liquid-gas interface, and the subscripts represent the two phases 
at the interface. # is the contact angle, which is the angle between the solid/liquid 
interface and the liquid/gas interface measured at the side o f the drop (Figure 2.11).
A surface energy analyzer deposits a controlled drop o f liquid on top o f  the 
solid surface then using a high definition camera to capture a magnified image o f the 
drop. From that image the software is able to measure the contact angle and calculate 
the different associated energies, provided that the liquid tested is a known liquid with 
identified parameters.
Figure 2.11. The surface tensions acting on a drop o f water on a smooth 
polymethyl methacrylate surface.
When the liquid we are studying is water, then surface energy is closely linked 
with surface hydrophobicity. In principle, hydrophobicity describes the interactions o f 
materials with water. Water is a polar molecule with a huge capacity to form 
secondary bonds such as hydrogen bonds and electrostatic attraction, and when it 
encounters a material with high bonding capacity, the water will wet the surface and 
thus it is termed hydrophilic. Therefore hydrophobicity generally decreases as surface 
energy increases. For example, hydrophilic surfaces such as glass have high surface
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energy and low contact angle 0, and hydrophobic surfaces such as polystyrene have 
low surface energy and high contact angle 0. Contact angle is often used to describe 
the hydrophobicity o f surfaces because the free energy o f  the solid surface decreases 
as the contact angle increases. Usually, if  the contact angle is below 90°, the surface is 
considered a hydrophilic surface.
2 .4  C e l l  a d h e s io n
This part o f our work is concerned with measuring the adhesion o f  three 
microorganisms qualitatively. The surfaces were prepared then incubated with the 
microorganism in buffered solution. Then the numbers o f  adhering cells are counted 
and compared for the different surfaces.
The microorganisms in this work were chosen from a list o f  pathogens that 
have the most potential for creating an infection and complications when a urinary 
catheter is left for a long time in patients. All the organisms used are biosafety level 
one to allow for ease o f  handling and experimental preparation.
2.4.1 Microorganisms
All three organisms were purchased from ATCC as freeze-dried cultures. The 
cultures and supervision were provided by Dr. Fatima Labeed from the Centre for 
Biomedical Engineering at the University o f  Surrey.
Staphylococcus epidermidis ATCC® 14990, type strain [36887] [8318].
S. epidermidis are non-motile, Gram-positive cocci (sphere) with a diameter 
o f  ~lpm. These cells have the tendency to form irregular clusters (Figure 2.12). They 
are part o f  the healthy human skin flora and mucus membrane but they are an 
opportunistic pathogen. They can spread and cause infections through breaks in the 
skin and the mucosal membrane and through the use o f urinary catheters and artificial 
implants. Patients with lowered immune system, due to the use o f  drugs or medical 
procedures, are the most prone to S. epidermidis infections. Many strains o f  S. 
epidermidis have the characteristic o f  producing a slime layer, made o f  teichoic acid,
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which leads to the formation o f  a biofilm, which gives the pathogen a higher 
resistance to antibiotics and drugs. S. epidermidis have a negative surface charge 
because o f  the large amount o f  negatively-charged teichoic acid present on its surface. 
[24,25]
Figure 2.12. Single and clusters o f  staphylococcus epidermidis (the bar is 
1 Opm).
Candida albicans ATCC® 38289.
Candida albicans are a form o f yeast that colonizes the gastrointestinal or 
genital tract o f 40-80% o f healthy humans. It can take two forms (dimorphic), as an 
oval single yeast cell or as threadlike hyphal filaments, depending on the environment 
it is in (Figure 2.13). The yeast form is favoured at room temperature with a diameter 
between 6 and 10pm. It reproduces by budding. The hyphal form is favoured at 
physiological conditions, body temperature and pH, and it reproduces by budding but 
the cells stay attached to each other in long chains called pseudohyphae. Again, it is 
an opportunistic pathogen where any disruptions to the immune system or the body 
flora can trigger the spread o f  the organism. Skin and mucosal surfaces are the 
common sites o f  Candida infections causing candidiasis or “thrush” but it can cause 
systemic infections, such as pneumonia and endocarditis, in immunocompromised 
patients [25]. The yeast form adheres to host tissue in two stages. The first stage takes 
place due to hydrophobic interactions. But once the cell is on the surface, it tends to 
form germ tubes that bind to proteins on the host cells and accumulate nonviable host 
cells on top o f  it to form a protective layer. Germ tubes help counter fluid forces 
present in the host [26].
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Figure 2.13. Candida albicans: a) Yeast form, b) Pseudohyphae form, (the 
bar is 1 Opm)
Escherichia coli ATCC® 39403 Type strain (Migula) Castellani and Chalmers 
JM103.
E. coli are Gram-negative “non-spore forming” rod shaped cells. It has a width 
between l-2pm and length between 3-30pm (Figure 2.14). E. coli resides in the 
human colon and it is essential for normal development and health. With other 
enterobacteria it synthesizes vitamin K and B-complex vitamins. E. coli is motile by 
means o f  polar flagella. It can sense the presence or absence o f  chemicals and gases in 
its environment and swim towards or away from them. Or it can stop swimming and 
grow fimbriae that will specifically attach it to a cell or surface receptor. It is capable 
o f  surviving in faecal contaminated water or mud and can cause food poisoning. Most 
strains o f  E. coli are harmless, but some can cause urinary tract infections and 
diarrhoea [25].
Figure 2.14. Rod shaped E. coli cells, (the bar is 10pm)
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2 . 4 . 2  C u l t u r e s  a n d  c e l l  c o u n t :  h a e m o c y t o m e t e r
Direct microorganism cell counts using an optical microscope can provide a 
tool to evaluate the adhesion o f  those microorganisms to a surface. This method has 
been used in many studies to asses the level o f adhesion o f  many bacterial species to 
biomaterials [27, 28, 29]. In our work we used these procedures to revive the 
microorganisms purchased and then counted systematically on the surfaces tested. 
Below is a description o f  the procedures followed.
First, the freeze-dried cultures were rehydrated by adding 0.5 ml o f liquid 
medium to the freeze-dried material with a sterile Pasteur pipette and mixed well. 
Then the total mixture was transferred to a test tube containing 5 to 6 ml o f  the 
recommended broth medium. The growth medium used for S. epidermidis and E. coll 
was tryptic soy broth (TSB), and yeast mold broth (YMB) was used for the Candida 
albican. Then the cultures were incubated for 24 hours under the appropriate 
conditions, at 37°C for the bacteria and at 25 °C for the Candida. Some bacteria were 
stored by freezing at -4° for use in later experiments.
Second, the determination o f  the bacterial density was done by either using the 
plating method and the spectrophotometer or by using a haemocytometer. But before 
that, ten-fold serial dilutions were made to produce the calibration curve. The 
dilutions were started with centrifuging 50ml o f  the cell suspension at 1200g for 
15min. Then the cells were washed with phosphated buffer (PB) three times. After 
that lml o f  the original re-suspended bacteria was added to 9ml o f  PB and mixed well 
to obtain the 10'1 dilution. Then 1ml o f  the 10'1 dilution was added to 9ml o f PB and 
mixed well to get the 10‘2 dilution. These steps were repeated to get the 10"3, 10'4, 10'
n o (
, 10" , 10' and 10' dilutions. To make the calibration curve for quick cell suspension 
determination, the absorbance was measured for all the dilutions with a 
spectrophotometer set at the wavelength 600 nm because o f  the clarity o f  the signal..
The plating method consists o f  spreading 1 ml from each dilution on an empty 
sterile agar filled Petri dish and then incubating for 24-48 hours. Plates containing 
between 30 and 300 colonies were counted. Then a plot o f the absorbance vs. cell 
counts was made to get the calibration curve.
For non-motile cells the Haemocytometer was used (Figure 2.15). The 
counting chamber was loaded by placing a drop o f the suspended bacteria at the edge
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o f the cover slip. The capillary action draws the suspension into the chamber. Then, 
the haemocytometer was placed under the microscope to start the counts at low 
objective (4X). The counts were averaged from four comer squares. No squares with 
less than 100 bacteria were used. Also, we did not count the cells touching the right or 
the bottom lines o f  the squares.
I calculated the cell numbers/ mmJ using this relation:
C -
where c is the cell concentration in cells/mm , n is the average number o f  cells in one
• 2 • square in cells/mm", and v is the volume counted (volume o f  one square = 0.004
mnT). The cell concentration was converted to cells/ml by multiplying it with 1000
mm3/ml.
Cell suspensions with the concentration o f  5x107 cell/ml were made by diluting the 
original suspension with PB.
Sample introduction pnint Enlarged counting grid
0.1 mm sample depth
Glass cover
n m i
Figure 2.15. A sketch representing a haemocytometer and its components.
Third, the surfaces o f  interest were made using the method described in the 
film preparation section (Chapter 3).
Finally, yeast and bacterial cell adhesion was evaluated by counting the 
adhered cells on both the bare and the mucin-coated surface directly using an optical 
microscope. The mucin-coated and uncoated surfaces were placed in six multiwell 
dishes and each well was filled with 5ml cell suspension with the concentration o f  5 
X 107 cell/ml. Then, the multiwell dishes were placed in an incubator for 2hrs at 37°C 
(or 25°C for the Candida albicans) while shaking. After the incubation period, the 
surfaces were gently rinsed with PB to remove all the unattached cells. In order to
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stop the cells form aggregating, they were fixed on the surfaces using Karnovsky’ s 
fixative solution (glutaraldehyde).
Systematically (using a grid with defined areas), the cells attached to the 
surfaces were counted. The experiments were repeated three times and the surfaces 
were imaged in three different areas. Counts from each area were added then the 
average and the standard deviation was calculated.
The percent reduction was calculated using this relation:
where n is the average cell counts on the uncoated surface, and m is the average cell 
counts on the mucin-coated surface.
n
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Chapter 3
T h i n  f i l m  p r e p a r a t i o n  a n d  c h a r a c t e r i s a t i o n
3 .1 .  C h a p t e r  o v e r v i e w
This chapter will be dedicated to the experimental work conducted to prepare 
the polymeric thin films and to the work performed to investigate the surface 
roughness and surface energy o f  the samples before and after mucin adsorption.
Film preparation and analysis is very essential for this study to determine the 
thicknesses and uniformity o f  the films created as well as to find the effects o f  the 
mucin layer on the final surface. The work here will also help with the preparation 
and analysis in the rest o f  the experiments, such as the bacterial adhesion 
measurements.
The polymer films created were very thin, on the order o f  10-30 mn, smooth 
and continuous to allow accurate measurements o f  thicknesses with VASE. The films 
were prepared on polished silicon substrates to ensure smoothness and also high 
reflectivity for visible light. The first section o f this chapter will discuss the 
preparation procedures and measurements o f  the polymeric and mucin surfaces at a 
neutral pH. Then the results from the experiments to determine the effect o f  pH on the 
adsorbed mucin layers are discussed. The last two sections are dedicated to studying 
the roughness and surface energy o f  the polymeric surfaces, before and after mucin 
adsorption, using AFM images and contact angle measurements. The AFM and 
contact angle measurements were performed at different pHs to determine the effect 
on the mucin surfaces, which will help with understanding the effect o f  the mucin 
layer on bacterial adhesion.
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3 .2 .  M u c i n  a d s o r p t i o n
3.2.1. Introduction
As described in section 2.2.2, ellipsometry takes advantage o f the change in 
the polarization between incident and reflected light, which leads to the determination 
o f  some o f  the thin films physical properties, such as refractive index and average 
film thickness. It is a fast, non-invasive technique that can detect a veiy thin layer on a 
reflective surface and can determine the refractive index to the nearest 0.001 (under 
good experimental conditions) [1]. Because o f  these reasons ellipsometry was an ideal 
technique for tiiese experiments.
3.2.2. Experimental methods
The experimental procedures are listed in the order they are performed.
First is the polymer film preparation:
• The films were spin-coated on a 2 cm x 2 cm silicon <100> substrate, 
at 2000 lpm for 4 seconds. The films were spin-coated from 0.5% 
weight (grams) polymer solutions: PMMA (Polymer Laboratories UK, 
Mw = 80000) in toluene and PAA-b-PMMA (Polymer Sources, No. 
P2993-AAMMA) in tetrahydrofuran (THF).
• Then the films were annealed, in a vacuum oven, at 120°C for 2 hours 
to remove residual solvent and to allow the films to relax [2]. This 
technique yields smooth films with thicknesses between 15 and 25nm.
Next the films prepared were tested for the proper thicknesses with VASE as follows:
• Initially, the thicknesses o f the native oxide layer (SiCh) on the silicon 
wafers were determined before spin-coating the polymer films on the 
surface. By doing this we can construct the model layers o f  our 
samples to use for fitting the data as discussed in section 2.2.2.
• Then after that the polymer films are scanned with VASE to determine 
the thickness. I used angles between 74 and 78 degrees depending on 
the layer complexity o f  the sample being scanned. The best fit for
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acquired vj  and A spectra is achieved as discussed in section 2.2.2 and 
the thicknesses o f  the polymer layers are recorded.
After the polymeric films were prepared, mucin was adsorbed on the surface as 
follows:
• I used BSM as a model mucin due to its availability in bulk quantities 
(Sigma, catalogue No. M 3895). It was allowed to adsorb on the bare 
silicon substrate and the polymer films from 1 mg/ml phosphated 
buffer PB (pH7)/mucin solution. The samples were incubated in the 
mucin solution for 24 hours while shaking to allow the adsorbed layer 
to reach equilibrium [3].
• After adsorption the samples were rinsed three times with 25ml PB 
pH 7, to rinse o ff unbound mucin.
• Next, the samples were left in a desiccator with silica gel to dry the 
films before thickness measurements. Silica gel readily absorbs 
atmospheric water to reduce the relative humidity o f  a sealed container 
close to 0 %.
• Finally, after drying the films, the thicknesses were obtained with 
VASE. The model layers were constructed as in the Figure 3.1, where 
the thicknesses o f  Si02 and the polymer film were obtained in the 
previous experiments.
Figure 3.1. The system model constructed on the VASE after mucin 
adsorption.
3.2.3. Results and discussion
The surfaces used in our experiments are silicon substrate with a thin native 
oxide layer (Si02), PMMA on silicon, and PAA-b-PMMA on silicon. Polished silicon 
wafers have very smooth and reflective surfaces, which make them a great surface for 
optical measurements. In our experiments we always start by determining the
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thickness o f  the native oxide layer present on the surface o f  the silicon substrate. The 
surface o f  the oxide layer is made up o f  siloxane bonds (Si-O-Si) that can change to 
silanol (Si-OH) on contact with atmospheric moisture or water [4]. The amount o f 
these -OH  groups can change the surface property o f  the silicon wafer from 
hydrophobic to hydrophilic [5]. In our case, the silicon wafers had a very thin oxide 
layer and overall hydrophobic surface as determined with the relative high contact 
angle (section 3.5.3). Figure 3.2 shows an example o f the measured and simulated 
ellipsometry parameters i|/ and A for the oxide layer and the model o f  our system. The 
constructed model offers good fits to the experimental data with a low MSE value o f 
3.38. Generally, if the MSE value is less than 5 then the fit is considered a good one. 
From the fitted data, the thickness o f  the oxide layers on the wafers ranged from 2.0 to 
3.0 nm, depending on the age o f  the polished silicon surface. Each thickness was 
recorded for use in the construction o f  the model for the other systems throughout the 
experiments.
Wavelength (nm) Wavelength (nm)
1 sio2 2.8858 nm
0 si 1 mm
Figure 3.2. VASE spectra (vj/ at the top left and A at the top right) and the 
simulated model for a bare Si substrate with a 2.9 nm native oxide layer.
The angles o f incidence used are 74°, 76°, and 78°.
After determining the thicknesses o f  the SiC>2 layers I saved some wafers for 
direct mucin adsorption on the Si and the rest were used to coat with PMMA and 
PAA-b-PMMA. In order to detect the adsorbed thin mucin layers (3—20 nm) I needed 
the polymer layers to be o f  a thickness < 50 nm. This value was determined from 
simulations o f  different layers and thicknesses to see the most sensitive and reliable 
combination. Our ellipsometric measurements o f  the spin-coated and annealed
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PMMA and PAA-b-PMMA layers yielded thicknesses between 17 and 21 nm as seen 
from the example ellipsometric spectra in Figure 3.3 a and b. The MSE values for the 
best fit were less than 3 without adding any nonuniformity to the simulated data.
a)
Model Fit Exp E 72° Exp E 74° Exp E 76° Exp E 78°
600 700
Wavelength (nm)
500 600 700 800
Wavelength (nm)
—Model Fit  Exp E 72°
-- Exp E 76° —Exp E 78°
b)
 i___ i___ i___  i
500 600 700
Wavelength (nm)
500 600 700 800
Wavelength (nm)
—Model Fit Exp E 72°-- Exp E 74°
~ Fxp F 76°— Exp E 7&®""'-/'1
Figure 3.3. VASE spectra (ij/ at the left and A at the right) and the simulated 
model for: a) a Si substrate with an 18.6 nm PMMA layer and MSE=2.59. 
And b) a bare Si substrate with a 20.5 nm PAA-b-PMMA layer and 
MSE=2.10. The angles o f  incidence used are 72°, 74°, 76°, and 78°.
Figure 3.4. The models used to simulate a) PMMA with A=1.49 and 
B=0.001. b) PAA-b-PMMA with A=1.51 and B= 0.001.
We constructed our model to find the best fit for PMMA and PAA-b-PMMA, 
as seen in Figure 3.4, based on the refractive index values found in the literature 
between 1.48 and 1.53 [6, 7].
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Figure 3.5. VASE spectra (i\j at the top and A at the bottom) for the before 
and after adsorption o f  mucin on bare Si. The deposited mucin layer was 2.9 
nm thick and MSE=2.95. The angle o f  measurement is 76°.
Figure 3.5 demonstrates the sensitivity o f  the technique to differentiate 
between the spectra before and after mucin adsorption on Si. The addition o f  the 
mucin layer shifts the i\j spectrum up and it rotates the A spectrum anticlockwise 
around the pseudo-Brewster angle point. This point corresponds to a wavelength (Z) 
o f  590 nm, where A is 90°. Hence, at A, = 590nm, the pseudo-Brewster angle for the 
bare silicon is 76°. For the other layers, the pseudo-Brewster angles were between 
74°and 76° at wavelengths between 550 and 600 nm.
In the third step o f  the film preparation process, mucin films were adsorbed on 
Si, PMMA and PAA-b-PMMA surfaces. After incubating the surfaces in the 1 mg/ml 
mucin solution pH 7 for 24 hours, the surfaces had a uniform wet surface (visual 
observation) suggesting the presence o f  the hydrophilic mucin on the surfaces in the
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case o f  Si and PMMA. But after rinsing three times with 25 ml PB the uniformity o f 
the wet film on Si and PMMA changed to small patches o f  water and the rest was 
hydrophobic again. This observation suggests that mucin binds weakly with both Si 
and PMMA and the mucin layer adsorbed is thin and not continuous. This observation 
corresponds with Shi et al’ s suggestions after their contact angle measurements on 
mucin coatings on Si, PS and PMMA [3,8]. They suggested that the mucin coating on 
Si was not uniform. The large standard deviation in their contact angle measurement 
was taken to indicate a nonuniform coverage. Table 3.1 shows the average polymer 
and mucin layer thickness on the different surfaces. The measurements were taken 
after drying the films in a desiccator with silica gel (~0% RH) to remove the water 
from the films to eliminate the swelling effect in the mucin and PAA-b-PMMA films. 
These results suggest the presence o f  a non-continuous mucin layer on the bare silicon 
and PMMA films because o f  the relatively high standard deviation. The diameter o f 
the mucin chain is reported in the literature to be 5 nm [9, 10], thus the presence o f 
mucin layer thickness between 3.5 to 4.5 nm also suggests non-continuity. The 
adsorbed mucin layer on the copolymer PAA-b-PMMA was 10.5 nm thick, which is 
almost three times thicker than the mucin covering on the other two surfaces. This 
thicker mucin coverage suggests a relatively stronger bonding between the copolymer 
and the mucin molecules. Although the standard deviation is 3.5 nm, this is a smaller 
proportion o f the thickness than that found for the other substrates.
Table 3.1. Average film thicknesses determined by VASE. The average thickness o f 
the native oxide layer on the silicon substrate was 2.8+1.1 nm._____________________
Surface
Average polymer film 
thickness (nm)
Average mucin film 
thickness (nm)
Si - 3.7±2.1
PMMA 17.6+2.5 4.1+1.9
PAA-b-PMMA 18.3+2.1 10.5+3.5
3.2.4. Conclusion
Variable angle spectroscopic ellipsometry has been used to determine the 
thicknesses o f mucin layers on bare silicon, PMMA and PAA-b-PMMA surfaces. The 
technique offers a quick and non-invasive way to detect the thickness o f the mucin
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layers without damaging the layers o f  the samples. In this work we have shown the 
sensitivity o f  this technique in detecting the presence o f  the very thin mucin film on 
SiO 2, PMMA, PAA-b-PMMA. The thicknesses o f the bare surfaces were estimated 
to be 2.8±1.1 nm, 17.6+2.5 nm, and 18.3+2.1 nm for S i0 2, PMMA, and PAA-b- 
PMMA, respectively. The thickness o f  the mucin layers adsorbed on Si and PMMA 
were veiy close (-4.0+1.5 nm). The high standard deviation combined with visual 
observations, suggest the nonuniformity o f  the adsorbed layers. On the other hand, 
mucin thickness measurements on PAA-b-PMMA showed a thicker more uniform 
layer (10.5±3.5nm) that did not rinse o ff after the PB wash.
3 .3 .  E f f e c t  o f  p H  o n  m u c i n  a d s o r p t i o n
3.3.1. Introduction
The effect o f  pH on the adhesion o f mucin to poly (aciylic acid) (PAA) has 
been examined extensively in many drug delivery studies [9, 11, 12, 13]. Cao et al. 
[13] reported a dynamic light scattering study on the porcine gastric mucin (PGM) 
solution behaviour at different pH values and concentrations. They found that the 
conformation and the aggregation domains o f  PGM changed with changing pH. When 
going from high to low pH, the mucin molecule was extended and formed 
microdomains to avoid the exposure o f  the peptide hydrophobic backbone to the 
aqueous solution.
It is reported in the literature that the pK& o f  the carboxylic groups o f  aciylic 
acid and sialic acid (one o f  mucin’ s predominant carbohydrate side chains) are 4.56 
and 2.6, respectively [15, 16]. The pKd values define the pH dependent characteristics 
o f  the molecule. These values can determine if a biomolecule is active or not active in 
an environment with known pH.
Peppas et al. [9] discussed the effect o f  pH on the net charge on both mucin 
and PAA molecules. PAA and mucin have a negative net charge in neutral and basic 
pH solutions and the number o f  active hydrogen bonding sites decreases with 
increasing pH (above the pKd values mentioned earlier). The -COOH present in PAA 
and sialic acid becomes more active and readily forms hydrogen bonds as the pH
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decreases, under the pKa values o f the carboxylic groups o f  acrylic acid and sialic acid 
, to < 4 and the net charge on the molecules becomes neutral, thereby eliminating the 
charge repulsion forces between PAA and mucin. Based on Peppas discussion, Figure 
3.6 shows the possible hydrogen bonding between PAA and sialic acid as the 
carboxylic groups becomes protonated at the pH < 4.
Poly acrylic acid Poly acrylic acid
— c h 2-  c h  — 
c = oI
o°'*~
Siatie acid Sialic acid
Figure 3.6. A  schematic showing the possible hydrogen bonding between 
poly acrylic acid from the copolymer side (PAA-b-PMMA) and the sialic 
acid from the mucin side at pH 3.
In an AFM adhesion force study Cleary et al. [14] showed that adhesion 
strength differs from one pH value to the next. The adhesion strength increases as pH 
decreases reaching an optimum between 4 and 5. They explained their results using 
three concepts: ionisable groups, extended chains and entanglement, and swelling. As 
the pH decreases below the pKa value o f  the -COOH groups, they become active and 
more able to be donors or acceptors o f  hydrogen protons. The net neutrality o f  the 
molecules means less repulsion forces between PAA and mucin, thus favoring 
stronger adhesion. From the pK& values, one would predict the increase o f adhesion 
strength as the pH decreases lower than 4, but Cleary’ s results indicate that the 
adhesion strength between acrylic acid and mucin decreased slightly as the pH 
decreases below 4. They attributed this phenomenon to molecular entanglement. 
When the pH is between 5 and 4, the carboxylic groups are less ionized (and the 
repulsive forces decrease), but some charge on the molecules allow for the extension 
o f both poly (acrylic acid) chains and the mucin side chains, which in turn allow more
C H 2-  C H  —
c=oI
O H
i
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molecular interpenetration and entanglement. So from this we see that the 
combination o f  lowered charge, hydrogen bonding and molecular entanglement would 
yield stronger adhesion than just neutrality and hydrogen bonding.
These studies inspired us to use the reported effect o f pH on poly(acrylic acid) 
and mucin to create a thicker more robust mucin layer on the surface o f  the copolymer 
PAA-b-PMMA.
3.3.2. Experimental methods
• Polymer films were prepared in tire same way as described in the 
beginning o f  section 3.2.2.
• As for mucin adsorption, I followed the same steps as in mucin 
adsorption procedure in section 3.2.2 except the mucin solutions were 
adjusted to the desired pH (3, 7, and 10) using 0.1M NaOH and HC1 
before the adsorption process. The final pH was checked with a 
calibrated pH meter.
• The films then rinsed with pH 7 PB and dried in the desiccator for 24 
hours.
• Thicknesses were obtained with VASE as before.
3.3.3. Results and discussion
Ellipsometry measurements o f  the mucin layer adsorbed on PAA-b-PMMA 
from different pH mucin solutions, presented in Figure 3.7, reveal the different 
spectra acquired after drying the films. After determining the thickness o f  the mucin 
layers, we saw thicker mucin layers adsorbed from pH 3 solutions than the films 
adsorbed from pH 7 and 10 solutions. In Figure 3.7, the \\f and A spectra o f  the mucin 
layer adsorbed from pH 3 solution have clearly shifted away from the mucin layers 
adsorbed from pHs 7 and 10 spectra, indicating differences in the thickness between 
them. The spectra for the mucin layers adsorbed from pHs 7 and 10 are almost the 
same, thus the thickness o f  the layers are very close. The spectra from the mucin 
adsorption on silicon and PMMA experiments are not shown here, because they were 
all the same, indicating no thickness change due to adsorption from different pH
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mucin solutions. The mucin thicknesses measured are presented in Table 3.2, where it 
is clear that the thicknesses o f  the mucin layer on silicon and PMMA stayed between 
2.4 and 4.2 nm no matter what pH they were adsorbed from. The mucin layer 
thicknesses adsorbed on the copolymer PAA-b-PMMA have increased by 10 nm 
when the pH o f the mucin solution decreased to 3. The data are presented graphically 
in Figure 3.8. The activation o f  the carboxylic groups using acidic solutions has made 
more bonds between the PAA block and the mucin’ s sialic, thus creating thicker 
mucin layers than the ones made from neutral and basic pH solutions. Silicon and 
PMMA have no -COOH groups and therefore cannot participate in pH-dependant 
hydrogen bonding.
W avelength (nm )
Figure 3.7. Ellipsometry spectra (\\i on top and A on bottom) o f  mucin on 
PAA-b-PMMA adsorbed from different pH solutions. The spectra were 
obtained from dry films in air.
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Table 3 .2. Thickness o f  the polymer and mucin films in relation to pH.
Sample pH
SiCLThickness
(mn)
Polymer
Thickness(nm)
Mucin
Thickness(nm)
Si/Mucin 3 2.3 - 3.5+1.5
Si/Mucin 7 2.3 - 4.2+2.1
Si/Mucin 10 2.5 - 3.0+2.0
Si/PMMA/Mucin 3 2.4 17.4+2.0 3.0+1.2
Si/PMMA/Mucin 7 2.5 18.4+2.5 2.6+1.5
Si/PMMA/Mucin 10 2.2 17.3+2.2 2.4+1.0
Si/PAA-b-
PMMA/Mucin
3 2.3 20.3+2.0 16.1+2.2
Si/PAA-b-
PMMA/Mucin
7 2.7 18.5+2.3 6.6+1.5
Si/PAA-b-
PMMA/Mucin
10 2.3 18.0+2.2 7.0+1.0
These findings suggest that the extended conformation o f  the mucin molecule 
at pH 3 helps in exposing more o f  the active -COOH groups to the hydrogen bonding 
sites o f  the PAA, thus forming more bonds. Also, decreasing the negative net charge 
from both molecules makes the attractive forces between the two molecules the 
dominant ones over electrostatic repulsion.
When we compare the mucin coating on PMMA and PAA-b-PMMA in Figure 
3.8, it is clear that the copolymer is a more effective way to make a thick mucin 
coating than PMMA. And PAA-b-PMMA /mucin coating has the advantage o f  having 
a way o f controlling the thickness o f  the mucin layer to test if  the thickness o f  that 
layer has an effect on the adhesion o f  microorganisms.
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18
PAA-b-PMMA PMMA
Figure 3.8. pH effect on the adsorption o f  mucin on PAA-b-PMMA and 
PMMA. The values used are the average o f  three experiments.
3.3.4. Conclusion
In an effort to make robust and uniform mucin layers, I have investigated the 
association between pH and mucin thickness. Three different pH mucin solutions (3, 
7, and 10) were used to cover the whole pH range. In the case o f  Si and PMMA I saw 
no visible change on the mucin thickness from all three pH solutions. However in the 
case o f  PAA-b-PMMA, I observed that a thicker mucin layer is adsorbed, as the pH is 
decreased to 3. This suggests that at pH 3, mucin and PAA-b-PMMA have changed 
conformation and charge to allow for more attraction between the molecules. The 
thickness o f  mucin on PAA-b-PMMA is doubled when we compare adsorption from 
pH 3 to pH 7 and 10.
3 .4 .  S u r f a c e  e n e r g y
3.4.1. Introduction
It is a common practice to measure hydrophobicity o f  a surface by contact 
angle measurements, as discussed in Chapter 2.3.3, because o f  its ease and speed. In 
many studies, a static drop o f  water was deposited on a surface and the contact angle 
was measured to determine relative hydrophobicity. In turn, hydrophobicity has been 
found to have a direct relationship with bacterial adhesion by many bacterial adhesion 
studies [8, 17, 18, 19].
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In order to determine the difference in hydrophobicity between Si, PMMA, 
and PAA-b-PMMA before and after mucin adhesion I measured the static contact 
angle in the next set o f  experiments.
3.4.2. Experimental methods
• Polymeric and mucin films were prepared as in section 3.2.2.
• All the mucin films were rinsed, and dried, and then their thickness 
was obtained by VASE.
• The contact angles o f  70 pL sessile drops o f  de-ionized water on Si, 
PMMA, PAA-b-PMMA before and after mucin adsorption surfaces 
were determined with a high definition camera and image analysis 
software.
• Measurements on dry, silicon, freshly-annealed PMMA and PAA-b- 
PMMA surfaces were compared to those obtained from the same 
surfaces after soaking in de-ionized water for 24 hrs.
• Measurements were also made on dry surfaces on which mucin had 
been adsorbed from two pH values 7 and 3.
3.4.3. Results and discussion
Si PM M A PA A -b-PM M A
Figure 3.9. Images o f  70 pL Di-water on bare Si, PMMA, and PAA-b-
PMMA surface with the contact angle measurements.
Figure 3.9 shows typical examples o f  sessile drops on the bare surfaces used. 
The shape o f  the DI-water drop changes with the degree o f  the surfaces
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hydrophobicity, where the drop on PMMA is the most pronounced and it is flattest on 
PAA-b-PMMA. In Table 3.3, a direct comparison o f  the relative hydrophobicity 
between the bare silicon, PMMA and dry PAA-b-PMMA revealed that PMMA is the 
least hydrophilic, then closely followed by silicon. PAA-b-PMMA was the most 
hydrophilic. The higher hydrophilicity o f  PAA-b-PMMA, 49° compared to 69° o f  
PMMA, is attributed to the PAA block o f  the copolymer, which is known to be a 
hydrophilic material [12].
The contact angle measurements shown in Table 3.3 also revealed that after 
soaking the bare surfaces in Di-water, only PAA-b-PMMA changed hydrophobicity, 
and the contact angle dropped by 9 degrees. This drop indicates a change in the 
surface composition, which will require further investigation with atomic force 
microscopy to see if  there is also structural change.
After mucin adsorption from the two different pH mucin solutions onto silicon 
and PMMA, a small drop in the relative hydrophobicity o f  the silicon and PMMA 
surfaces was observed but with a high standard deviation. This high standard 
deviation indicates the non-uniformity o f the mucin coating across these two surfaces. 
This is consistent with the ellipsometry measurements o f  the mucin layers adsorbed 
on silicon and PMMA, where we get thin mucin layers with a relatively high standard 
deviation suggesting non-uniformity. The lowest contact angle measured between 
these two materials was the PMMA mucin-coated surface from the pH 7 mucin 
solution, which was 50.2+4.0 degrees although the high standard deviation makes it 
comparable to the others.
Table 3.3. Contact angle measurements o f  Si, PMMA, and PAA-b-PMMA before 
and after soaking in Di-water and after mucin adsorption from two pHs 7 and 3.
Polymer Annealed and diy (°)
Hydrated 
with DI- 
water (°)
With mucin coating
pH 7(°) pH 3(°)
Silicon 62.3+1.3 60.4+1.8 57.5+7.0 55.0+3.2
PMMA 69.4+0.2 71.0+1.2 50.2+4.0 58.4+7.2
PAA-b-PMMA 49.1+1.0 40.0+0.8 40.4+1.4 22.6+0.5
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Figure 3.10. Images o f  70 jiL  Di-water on mucin layer on PAA-b-PMMA 
adsorbed from pH 7 and 3 solutions.
The mucin-coated PAA-b-PMMA surfaces had the lowest contact angle 
measurements as expected. Figure 3.10 compares the contact angles observed on 
mucin coatings on the PAA-b-PMMA copolymer. The contact angle measured from 
the pH 7 deposited mucin layer is the same as the hydrated copolymer surface and 
was consistent throughout the samples measured. The mucin layer adsorbed from the 
pH 3 mucin solution was the most hydrophilic surface with a contact angle o f  22.6°, 
suggesting that thicker mucin layers might have different surface energy than thinner 
mucin layers. The standard deviation was low on the mucin-coated copolymer, which 
is consistent with a more uniform layer, as found also with ellipsometry.
3.4.4 Conclusion
The results from the contact angle measurements showed that PMMA was the 
most hydrophobic bare surface tested, and PAA-b-PMMA was least hydrophobic. 
Also they showed that soaking PAA-b-PMMA in Di-water lowered the contact angle, 
thus lowering the hydrophobicity. Also, the high standard deviation on the mucin- 
coated silicon and PMMA contact angle measurements suggests the non-uniformity o f 
the mucin coating.
The mucin coating on PAA-b-PMMA, which was thicker than the one on 
silicon or PMMA surfaces as measured with VASE, was relatively more hydrophilic 
than the bare and mucin-coated silicon and PMMA. This might give it an advantage 
when it comes to bacterial resistance. Furthermore, the thicker mucin layer adsorbed
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from a pH 3 mucin solution had the lowest contact angle measured, suggesting a 
further advantage in bacterial resistance.
3 .5 .  S u r f a c e  m o r p h o l o g y
3.5.1. Introduction
Surface roughness is a two-dimensional parameter o f  a material surface. It is a 
distance between the peak and valley parts on a material surface and it is commonly 
represented as arithmetic average roughness. Roughness root-mean-square is a 
statistical measure o f  how much the roughness varies. It is computed using this 
relation.
where y are the height values.
Many studies have demonstrated the importance o f surface roughness on the 
initial bacterial adhesion to surfaces [20, 21, 22, 24]. Surface roughness has a great 
effect on the adhesion o f  cells to a surface because it mediates the establishment o f
and crevices allow a small particle, like bacteria, to lodge itself and start to establish 
permanent bonding sites with the surface. J. D. Smart [24] reported in his mechanisms 
o f mucoadhesion review that high roughness makes the lodged cells anchor to the
cells anchored in a crevice are subjected to less dislodging stresses, such as charge or 
hydrophobic repulsion forces. This gives them the advantage over cells adhering to 
smooth surfaces.
So what is a rough or a smooth surface in terms o f  bacterial adhesion?
In a study by Tang et al. [25] on the influence o f  surface roughness on Staphylococcus 
epidermidis colonization they found that a threshold o f  200 mn roughness root-mean- 
square (Rq) is present. Roughness has no effect on the adhering numbers o f bacteria
bacterial colonies by mechanical retention. Peaks and valleys provide anchoring sites 
for the cells before establishing specific bonds with the surface. Macroscopic folds
surface and require fewer adhesion sites to stick to the surface. Smart explains that
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when it is under that threshold. On die other hand, the bacterial adhesion increased 
significantly when the roughness root-mean-square was higher than 200 nm. In 
another study by Shellenberger et al. [20], they found that the presence o f a protrusion 
o f  the size o f  200 nm increased the bacterial counts on chromic acid-treated glass 
beads, compared to smooth glass beads lacking these protrusions.
Because o f  the importance o f  roughness, AFM was used to probe the 
morphology o f  the surfaces used before and after mucin adsorption and to compare 
the roughness between these surfaces. Also, AFM was used to look for any structural 
differences between the mucin adsorbed on PAA-b-PMMA from different pH values 
(3 and 7).
3.5.2. Experimental methods
• Polymeric and mucin films were prepared as in section 3.2.2.
• All the mucin films were rinsed, and dried, and then their thicknesses 
were obtained by VASE.
• AFM was used to obtain topography and phase images in air o f  the 
samples before and after mucin adsorption using semi-contact mode 
and a standard silicon cantilever (NT-MDT, No. NSG01) with a spring 
constant o f  5 N/m and a resonant frequency o f 135 kHz.
• Si and PMMA surfaces were scanned before and after mucin 
adsorption from solutions at pH 7 and 3.
• PAA-b-PMMA samples were scanned after annealing and after 
soaking in Di-water for 24 hours. Then they were imaged again after 
mucin adsorption from solutions at pH 7 and 3.
• All scans were done in air and the mucin layers were dried in the 
desiccator for 24 hours before imaging.
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3 .5 . 3 .  R e s u l t s  a n d  d i s c u s s io n
Figure 3.11. 10pm X 10pm Phase images (used because o f  the clarity o f  the 
images) o f  mucin layers adsorbed from pH 7 solutions on a) Si, b) PMMA, 
and c) PAA-b-PMMA. The images were obtained in air (semi-contact 
mode).
In the AFM images collected from scans o f  the samples before and after 
mucin adsorption, mucin aggregates were observed as seen from the phase images in 
Figure 3.11. In the phase images mucin aggregates appear lighter in colour indicating 
the difference in mechanical properties between the aggregates and the harder 
substrate surfaces. The topography images obtained, not presented here due to poor 
contrast, indicate that the largest mucin aggregates were on the mucin-coated silicon 
(height between 125 and 200 nm and diameter between 0.6 and 1.0 pm) followed by 
the mucin-coated PMMA (height between 50 and 85 nm and diameter between 0.2 
and 0.5 pm). The smallest aggregates were seen on the surface o f  the mucin-coated 
PAA-b-PMMA (height between 25 and 45 nm and diameter between 0.06 and 0.15 
pm ). The reason for the smaller mucin aggregates on PAA-b-PMMA could be due to 
the presence o f  more active bonding sites on the surface, which might lead to the 
breakage o f  these aggregates and the spread o f  the mucin evenly on the surface. In the 
literature, many studies suggested the presence o f  large mucin aggregates in solution 
due to disulphide bridges, electrostatic and hydrophobic interactions [3, 9, 10]. 
Roughness measurements, taken from the topography images, revealed that these 
mucin aggregates influence the surface roughness.
The dry surfaces before mucin adsorption were very smooth as seen from the 
root-mean-square roughness (R<,) values in Table 3.4. PMMA and PAA-b-PMMA
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surfaces presented in Table 3.4 were imaged after annealing. They are veiy thin (17 to 
20 nm), thus they follow the contour o f the veiy smooth polished silicon substrate.
Table 3.4. Roughness root-mean-square (R<j) values calculated from 10pm X 10pm
AFM topographic images o f t le bare and the mucin coated samples.
0 . Si/Mucin Si
PMMA/ 
PMMA Mucin
pAA , PAA-b- 
* PMMA/Mucin
pH 7 pH 3 pH 7 pH 3 um ,1A pH 7 pH 3
(ran) 0.1 11.1 8.6 0.3 3.3 4.8 0.6 3.0 6.2
The table also shows the increased value o f  Rq on the surfaces after the 
adsorption o f  mucin. In the case o f silicon, the measured maximum heights present on 
a 10pm X 10pm area were between 125.1 and 201.0 nm. The suggestion in section
3.2.3 that the mucin coating on the bare Si surface is not uniform is further confirmed 
by our findings from the AFM images. Ellipsometry determines the average thickness 
o f  a layer that lies under a spot o f  light with an approximate diameter o f  2mm. So 
after looking at the roughness o f  the mucin coating on silicon, the assumption that the 
mucin coating on the surface is not continuous and it is present in patches is further 
validated.
The next set o f  AFM images were taken o f  the PAA-b-PMMA bare surface 
after annealing, and after soaking in Di-water. In section 3.4 we saw that the contact 
angle o f  the PAA-b-PMMA surface decreased significantly between the freshly 
annealed surface and after soaking it in Di-water. Thus, we were interested in looking 
at the changes in the surface topography. Figure 3.12a shows that the annealed dry 
surface was smooth with randomly-dispersed nano-scale domains (20-25 nm), 
whereas Figure 3.12b shows that after soaking in DI-water more contrast has 
appeared in the topography and phase images because o f  the growth o f  the micro­
domains (30-45 nm) covering all the surface. The lighter colour o f  the micro-domains 
in the phase image in Figure 3.12b indicate a difference in the mechanical properties 
between the molecules that make up these domains and the molecules in between. 
Coupled with the contact angle measurements we can conclude that these micro­
domains consists o f the poly(aciylic acid) block o f  the copolymer, which migrated to 
the surface after soaking in Di-water due to its hydrophilicity. This rearrangement 
caused the copolymer surface to be more hydrophilic after soaking in Di-water.
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Topography Phase
Figure 3.12. PAA-b-PMMA AFM topography and phase images o f  a) the 
dry annealed surface, and b) surface after soaking in Di-water. The scale bar 
is lOOnm.
Topography Phase
Figure 3.13. AFM topography and phase images o f  PAA-b-PMMA after 
mucin adsorption from a) pH 7 mucin solution, and b) pH 3 mucin solution. 
The scale bar is 1 OOnm.
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Figure 3.13a and b shows the AFM images o f  the mucin dry films on PAA-b- 
PMMA adsorbed from mucin solutions at pH 7 and 3, respectively. These images 
reveal the presence o f  mucin aggregates on the copolymer surface. In the case o f  the 
mucin layer adsorbed at pH 3, the mucin aggregates are tightly packed with no spaces 
in between, and their size, measured from the topography AFM image, range from 40 
to 100 nm. On the other hand, the mucin aggregates from the mucin layer adsorbed at 
pH 7 are spaced apart and are smaller in size (between 20 and 55nm). The absence o f 
the micro-domains present on Figure 3.12b could be attributed to thin mucin coverage 
on top o f  it, hiding these features. This is further confirmed by the absence o f  contrast 
between the aggregates and the surfaces in the phase images in Figure 3.13 a and b 
suggesting that the aggregates and the surfaces it is on are made from the same 
material.
3.5.4. Conclusion
In this part o f the study, I looked at the change in surface roughness before and 
after mucin adsorption, since the roughness factor has an effect on cell adhesion to the 
surfaces. Our AFM images showed that all the surfaces used before mucin adsoiption 
were very smooth and uniform. The roughness, however, has increased after mucin 
adsorption for all the surfaces. This increase was very prominent for Si/mucin 
samples where we found peaks as high as 125nm and 201mn. These peaks are due to 
the adsorption o f  mucin aggregates that are present in the mucin solution, as the 
literature has indicated. Moreover, ellipsometry and AFM suggest that mucin coating 
on Si is not uniform and the mucin is present in the form o f  patches on the surface. On 
the other hand, PAA-b-PMMA has smaller peaks after the adsoiption o f  mucin from 
pH 7 solution, which might be because o f  the presence o f  more binding sites on the 
surface that could lead to the unfolding and breakage o f  these large mucin aggregates. 
Mucin molecules could be present in a more extended form due to the presence o f 
negative charge on its side chains. At pH 3, mucin adsorption created a thicker but 
slightly rougher surface than pH 7 which might be due to the presence o f  more o f  the 
folded mucin networks.
The investigation into the surface changes to the surface o f  PAA-b-PMMA 
revealed that after annealing the copolymer the surface was smooth and sparsely
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dotted with random microspheres. After soaking the copolymer in Di-water, the 
surface changed topographically and was totally covered with spherical domains. One 
explanation o f the appearance o f  these spherical domains is that after soaking, the 
PAA block o f  the copolymer migrated to the surface and formed these spherical 
domains because o f  their greater hydrophilicity.
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Chapter 4
M o l e c u l a r  i n t e r a c t i o n :  s t u d y  o f  b o n d i n g  i n  m u c o a d h e s io n
4 .1 . I n t r o d u c t i o n
As discussed in chapter 2, IR radiation is absorbed at energies (frequencies) 
corresponding to the vibrational energy o f molecules causing their bonds to either 
stretch or bend. By analyzing the different absorption peaks and valleys in the IR 
spectrum, scientists can determine the bonds and orientations o f  the molecule under 
investigation.
In the past IR spectroscopy was used solely for determining the bonds present 
in the molecule under investigation but the development o f  mathematical 
deconvolution and faster computers made substantial analysis possible. With the aid 
o f  deconvolution, scientists can resolve the complex bands revealing the finer 
structures o f the organic molecule and the bands associated with the protein secondaiy 
structure [1]. Other methods are also used, but with limitations, such as X-ray 
crystallography which has the potential to reveal the complete three-dimensional 
structure o f a protein that can form a well-ordered crystal [2, 3]. Most proteins camiot 
form a crystal. Another method is multidimensional nuclear magnetic resonance 
(NMR) spectroscopy that can reveal protein structure in solution, but the complexity 
o f  the spectrum only allows the interpretation o f  small proteins (15-25 kDa) [3, 4], 
Recently, circular dichroism (CD), IR and Raman spectroscopy are now more widely 
employed to probe the protein secondary structure with a lot o f  success[1, 5, 6], These 
last methods are sensitive enough to analyze small amounts o f  protein in different 
environments. In our work we used IR ellipsometry, which made the investigation on
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interfacial bonds between two thin layers possible, thus revealing the mucoadhesive 
bonds between the two.
4.1.1. Mucoadhesion
Mucoadhesion has been studied extensively in the past decade and possible 
mechanisms have been highlighted [7, 8, 9, 10, 11, 12]. Our work differs from other 
previous work in that we looked at the mucoadhesion evidence in a specific system 
comprised o f  bovine submaxilary mucin (BSM) and poly (aery lie acid)-block- 
poly(methyl methacrylate) PAA-b-PMMA. Studied in the form o f a thin film not bulk 
material. We looked into which mechanism best describes our adhesion process.
a) b) c)
Figure 4.1 A sketch o f  Peppas’ proposed interdiffusion mechanism o f 
polymer chains in adhesion where a) presents two different polymer layers
b) presents the two layers right after contact and c) presents the interface 
between the two layers after a period o f  contact time where the layers 
diffuse into each other.
From the literature, we can find a few mechanisms describing the adhesion 
process. Peppas et. al. described the process as electrostatic interactions and hydrogen 
bond formation between the carboxylic acid and sulfate groups on the mucin side- 
chains and the carboxylic acid groups o f  the poly (aery lie acid) (PAA) chains [12]. 
Another mechanism was described by Patel et. al. who proposed that the hydrogen 
bonds are formed between the amide groups o f  the mucin and the carboxylic acid 
groups o f  the PAA [10]. One other mechanisms described along with the other two is 
interpenetration and entanglements [11]. In this mechanism the mucin side chains 
interdiffuse through the copolymer chains as the two materials swell up and expand.
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When polymers swell up as they absorb water, the chains become more flexible and 
allow other polymeric chains with similar hydrophobicity to diffuse through its layer 
and establish hydrogen and sulfide bonds. As the chains penetrate the other layer and 
mingle with the local polymeric chains, they become entangled enough that they are 
also held together by mechanical entanglements. This process is sketched in Figure
4.1.
Each o f  these mechanisms is dependent on various factors that will influence 
the strength o f  the adhesion. Some o f  these factors are polymer related, such as 
molecular weight, concentration o f  the active polymer, flexibility o f  polymer chains, 
conformation and swelling. Other factors are environment related, and they include 
pH, hydrophobicity o f  the medium and time o f  contact. In this work, we varied the pH 
between acidic and neutral and looked at the differences in hydrogen bonding and 
conformation.
4.1.2. Protein secondary structure
As mentioned before, we are also concerned with the conformational changes 
to the BSM protein backbone. Hence we need to describe briefly what are proteins 
and what are their structures. As described in most biochemistry textbooks [13, 14], 
proteins are large biopolymers made from amino acid monomers. In total 20 different 
amino acids are found within proteins. Most proteins are large molecules composed o f  
amino acids arranged in linear chains called peptide chains. These amino acids are 
joined together by peptide bonds between the carbonyl oxygen o f  one amino acid with 
the amine nitrogen o f an adjacent amino acid, expelling water as a product o f  the 
reaction. (Figure 4.2).
Figure 4.2 Dehydration (condensation) reaction between 2 amino acids 
joining the two together forming a peptide with a peptide bond (red) and 
releasing water molecule (green).
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Most proteins fold on themselves in a specific way, forming a unique three- 
dimensional structure that could influence how the protein interacts with its 
environment, thus influencing its function. When biochemists describe protein 
structures they often refer to four distinct structure stages as seen in Figure 4.3.
S«condaiy structure Quaternary structure
Figure 4.3 The four protein structures that start with a) the primary 
structure: the formation o f  the peptide chains from amino acids then b) the 
formation o f  the secondary alpha (a) helix and beta ((3) sheets structures then 
c) the folding o f  these structures within the protein making the tertiary 
structures and finally d) the quaternary structure which is made up o f  the 
joining o f  two or more protein molecules to form protein complexes. The 
image was taken from ref [15]
These structures are described in all protein related textbooks [13, 14, 16]. The 
first one is the primary structure that is determined by the basic amino acid sequence. 
The secondary structure is a local ordered structure that depends on the sites o f 
hydrogen bonding along the peptide chain. This structure is arranged to form what is 
termed the alpha (a) helix and beta ((3) sheets (Figure 4.3b). The backbone o f  an alpha 
helix is arranged in spiral and stabilized by hydrogen bonds between the carboxylic 
acid groups o f  one amino acid and the backbone nitrogen o f  second amino acid 
located four positions away. The backbone o f  beta sheets is arranged in parallel 
strands o f  peptide chains or in zigzag fashion, and one beta sheet requires a minimum 
o f two peptide chains. The sheets are stabilized by hydrogen bonds between the
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carbonyl oxygen o f  one amino acid on one strand and the backbone nitrogen o f  a 
second amino acid on an adjacent strand. Another structure biochemists describe is 
beta turns which is made o f  a sequence o f  four amino acids forming the loop on the 
beta sheets held together by a hydrogen bond between the firsts and the fourth amino 
acid. The tertiary structure o f  protein is the folding o f the secondary structures within 
the same protein as seen in Figure 4.3 c. These folds are brought about via 
hydrophobic interactions and stabilized by hydrogen bonds and sulfide bonds. The 
last protein structure is obtained when more than one protein, as indicated by the 
different colors in Figure 4.3d, is involved in the folding process to form protein 
complexes. It is important to note that proteins are not rigid structures but they change 
folds and structures to suit their function or in response to the environment. Knowing 
how a protein folds and forms structures can provide valuable information on how the 
protein performs its function or how it interacts with other molecules.
In this work we investigated the influence o f  pH and the substrate 011 the 
protein secondary structure. Ellipsometry offers a good sensitivity to interfacial 
bonding [17, 18] and to interdiffusion in polymer layers [19, 20] and aided by the use 
o f  the regularized method o f  deconvolution developed by N. Nilconenko et. al. [21] 
(described in chapter 2.3.1.2.). This work will enhance our knowledge on the 
adhesion mechanism thus allowing us to create a more robust and uniform mucin 
layer that has the potential to act as an antifouling coating.
4 .2 .  E x p e r im e n t a l  m e t h o d s
4.2.1. PAA-b-PMMA/mucin thin film  preparation and infrared 
ellipsometric spectroscopy
In the thin film experiments we created the double layer system by spin- 
coating the copolymer poly(acrylic acid-block-methyl methacrylate) PAA-b-PMMA 
(Polymer Sources Inc., Mn: PAA(28000)-b-PMMA(10000) and Mw/Mn: 1.14) on 
gold-coated glass substrates (Au) then drop-cast bovine submaxilary mucin BSM on 
top (Sigma Inc., type 1-S as lyophilized powder with approximately 12% bound silaic 
acid). Using this method we created thin double layers with controlled thicknesses.
The substrates we used were made by thermal evaporation o f  gold on clean 
glass substrate. The gold films deposited were measured to be 55 nm thick. We used
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the gold-coated substrates in our ellipsometric scans because o f  its high infrared light 
reflectivity and for the smoothness o f  the surfaces created.
The first layer on gold substrate was the copolymer film PAA-b-PMMA. It 
was spin-coated on the gold surface using a photoresist spin-coated (Cammax 
Precima Ltd., Colchester, UK) from PAA-b-PMMA solution in tetrahydrofurane 
(THF) at the concentration o f 3 wt%. We used a speed o f  2000 rpm for 6 seconds on 
the spin-coater, and then the films were annealed in a vacuum oven at 90°C for 1 hour 
to allow the films to relax. The second layer was mucin and it was deposited by drop 
casting. Approximately 150 pi o f  1 mg/ml mucin in filtered deionised water solution 
were spread on an area o f  3 cm X 4cm (12cm2) and left to dry in a desiccator 
containing silica gel (-0%  relative humidity) for 24 hours. Two different pHs o f  
mucin solutions were used. One was pH 7, and die other pH 3. The pH was adjusted 
using 0.1M HC1 and the pH was measured using a pH meter.
The thicknesses o f  the films were obtained using a Woollam Variable Angle 
Spectroscopic Ellipsometer (WVASE) (J.A. Woollam Co., Inc., Lincoln, NE, USA). 
This ellipsometer allows measurements to be taken in a range o f  angles for better 
sensitivity. The angles we used ranged between 64°-70° depending on the substrate 
and the complexity o f the system being scanned. The scans were done over the* 
wavelength range o f  400-800 nm at the centre o f the sample due to its smoothness and 
uniformity in that region.
After the samples were prepared they were scanned using an infrared 
spectroscopic ellipsometer (IRSE) to acquire the IR spectra o f  our samples. The 
spectra were obtained using a Fourier Transform IR Ellipsometer (Model GESP%- 
FTIR, SOPRA Sa., Bois-Colombes, France) at a 65° angle. The measurements were 
taken at a spectral resolution o f  4 cm '1 over a spectral range o f  650-4000cm"1. A 
typical measurement was done by performing 8 scans for each spectrum and 32 
spectra were averaged to allow for high signal to noise ratio.
4.2.2. Mucin bulk samples preparation and infrared spectroscopy
In the bulk experiments we used the KBr pellet method to obtain the IR 
absorption spectra. KBr and mucin were crushed to fine powder separately then dried. 
KBr was dried in a fan oven at 40°C and mucin was dried in a desiccator containing
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silica gel (~0% RH) for 24 hours. The pellet was created by mixing KBr and mucin 
powders then sufficient pressure was applied to make the solid pellet. The pellet was 
then placed in the infrared spectrometer (Perkin Elmer system 2000 FTIR, Waltham, 
Ma., USA) and the absorption spectra were obtained at a resolution o f  4 cm'1 over a 
range from 400 to 4000 cm"1. To obtain a high signal-to-noise ratio, 16 spectra were 
averaged. This experiment was done with the help o f Dr G. Cavalli from the 
Chemistry Department at the University o f  Surrey and his PhD student A. Ahmed.
4 .3 .  R e s u lt s  a n d  D is c u s s io n
4.3.1. VASE film  thickness measurements
The data collected from VASE was analysed with the commercial software 
(WVASE 32, J.A. Woollam Co., Inc.) to find the best fit. From the best fit we could 
determine the thicknesses and the refractive indices o f  the films. In this set o f 
experiments the thickness o f  the copolymer films are estimated to be 150 ran and the 
mucin film thicknesses ranged between 400-500 nm, giving us a 1:3 ratio o f  
copolymerimucin. This ratio was kept constant through out the IR experiments to 
keep the band intensity constant and any change would be due to the other factors we 
are controlling (e.g. pH).
4.3.2. IR spectra of mucin and PAA-b-PMMA
IR spectra o f the individual materials and the combined layers were obtained 
using different instruments as stated above. Ellipsometry was used to scan the bare 
gold substrate then the copolymer PAA-b-PMMA on the gold, then the mucin layer 
was scanned on the gold substrate as well and finally the combined layers o f  mucin on 
top o f  PAA-b-PMMA on gold. We used ellipsometry due to its high sensitivity to thin 
films and interfaces. An example o f  the raw data acquired is presented in Figure 4.4. 
In the fingerprint region (600-2000 cm'1), compared to the PAA-b-PMMA spectrum, 
the presence o f  more IR absorption bands on the mucin spectrum indicate the 
complexity o f  the mucin molecules. The \j/ spectra on the left in Figure 4.4 closely 
resembles the IR absorption spectra acquired with conventional FTIR spectrometers
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allowing the initial identification o f the characteristic bands associated with mucin 
(red line), such as Amide I at 1650 cm '1 and Amide II at 1540 cm '1, and PAA-b- 
PMMA (green line), such as the carbonyl band at 1730 cm '1. Accurate identification 
o f  the bands will follow in the next sections.
Figure 4.4 an example o f  the raw data collected from the IRSE where the 
spectrum on the left is vp and the one on the right is A. Data are presented for 
mucin on gold (red line) and PAA-b-PMMA on gold (green line).
Conventional IR spectroscopy was used in these sets o f  experiments because it 
provided the means to measure the bulk mucin and pure copolymer without the 
influence o f  the substrates (Figure 4.5). This will give us the IR information o f  the 
material in its natural state. The presence o f  the same characteristic IR absorption 
bands we identified from the vj/ spectra in Figure 4.4 is very clear as indicated in 
Figure 4.5. Table 4.1 summarises all o f  the main bands in the spectra for the 
copolymer and mucin.
Figure 4.5 FTIR spectroscopy o f  bulk mucin (red) and bulk PAA-b- 
PMMA (green).
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Table 4.1: A  summary o f  all the frequencies related to this study found on the 
copolymer films, mucin films and the changes to these frequencies as a result o f  
combining the two films._________ ____________ _____________________________
Band (cm 1) PAA-b-PMMA Mucin Bilayer result Ref.
3700-3500 -
(W)Free-OH 
alcohol groups 
in carbohydrate 
side chains
No change 10
99ooo -
Strong H- 
bonded -OH  
stretching vib. 
and asymmetric 
N-H vib. o f  
peptide 
backbone.
Changed to br. 
shoulder with three 
maxima
(3450,3350,3210) 
suggesting more H- 
bonded -OH  groups
10
3100-3000 -
H-bonded-OH 
enol groups in 
carbohydrate 
side chains
No change 10
2950 (S) c h 2stretching vib.
CH2 stretching 
vib. No change 10
2700-2500
(S) H-bonded 
CO.OH 
stretching vib. 
with two 
maxima at 2650 
and 2570
(W) H-bonded 
CO.OH 
stretching vib.
S. br. band with one 
maxima at 2600 
suggesting H-bond 
formation
10
1736
(S.) Free C=0 
stretching vib. 
o f ester and 
carboxylic acid 
groups
(W.) Free C=0 
stretching vib. 
o f  carboxylic 
acid groups
Shifted to lower freq. 
suggesting change to 
the bonds
environment due to 
interdifusion and 
entanglement
10,29
1712
(S.) H-bonded 
C=0 stretching 
vib. o f
carboxylic acid 
groups
(W.) H-bonded 
C=0 stretching 
vib. o f
carboxylic acid 
groups
(Br.)ing and shift to 
lower freq. suggesting 
more H-bonds 
formation
10,29
1670
Primary amide 
deformation (13- 
turns)
Decreased in relative 
intensity suggesting 
fewer [3-turns
10,29,
32
1657 -
Primary amide 
deformation (a- 
helix)
Shifted to lower freq. 
suggesting change in 
the environments o f  
the a-helix structures
10,29,
32
1632 -
Primary amide 
deformation (13- 
sheets)
Increase in the 
relative intensity 
suggesting more o f 
the j3-sheet structures
10,29,
32
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(icontinued)
Band (cm 1) PAA-b-PMMA Mucin Bilayer result Ref.
1556 (S.) asymmetric vib. o f  COO'
(W.)
asymmetric vib. 
o f  COO'
Change in shape and 
relative intensity 
suggests increase in 
H-bonding
10,11,
30
1539 -
Secondary
amide
deformation
Change in the half 
width o f  the band is 
indicative o f 
conformational 
changes to the protein 
backbone
10,11,
30
1415-1380 Symmetric vib. o f  COO'
Symmetric vib. 
o f  COO'
Shifted to lower freq. 
suggesting the 
formation o f H-bonds
10,11,
30
1292-1250
Asymmetric 
vib. o f C-O-C 
and C-C-0 o f 
ester groups
-
Changes in relative 
intensities related to 
tacticity which is 
influenced by H- 
bonding
19,27,
28,31
1261 - C=0 stretch No clear changes 27,28,31
1194-1157
C=0 stretching 
vib. with -OH  
in-plane 
bending o f 
COOH group
C=0 stretching 
vib. with -O H  
in-plane 
bending o f  
COOH group
Redistribution or 
relative intensity is an 
indicative o f  H-bond 
formation
27,28,
31
1045
-OH bending o f 
COOH group o f 
PAA block
-OH bending o f  
COOH group o f  
sialic acid
(Br.)ened and shifted 
to lower freq. 
suggesting H-bond 
formation
27,28,
31
W.= weak, S = strong, br.= broad, vib.= vibrations, and freq = frequencies
4.3.2.I. FTIR ellipsometry and identifying the characteristic bands o f mucin 
and copolymer
\|/ and A, the two parameters obtained from the IRSE spectra, are collected for 
all the films (bare gold, PAA-b-PMMA/gold, mucin/Au, and mucin/PAA-b- 
PMMA/Au) then converted to real and imaginary optical density (D) values. The 
optical density D eliminates the need for a baseline correction for the substrate 
spectral features, allowing the analysis to be focused on the coatings. D  is defined
where, p is the ellipticity complex number, as discussed in chapter 2, and it is defined 
as (p=tan i//elA), and the subscript o and f  are the original bare surface o f  the substrate 
and the final ellipticity measurements o f  the substrate after coating, respectively.
From these two definitions it follows that the real component o f  D is a function o f 
y  only and the imaginary component is a function o f  A only.
Re D = ln(tan y/o / tan \f/ ,)
and
Im D = i(Aa -  A / )
Re D and Im D were then plotted against wavenumber to reveal the infrared 
absorption band as peaks and valleys to identify the chemical bonds.
In this study we will concentrate on the real optical density spectra because o f 
its similarity to the IR absorption spectra. Figure 4.6 shows an example o f  the Re D 
and Im D calculated for a mucin film on gold substrate. Its been shown in literature 
that the presence o f  an IR-active chemical bond appears as a peak in the Re D 
spectrum and a step with a negative slope in the Im D [18, 23, 24, 25]. The peaks and 
the steps with negative slope are marked in Figure 4.6 for the characteristic IR 
absorption bands o f mucin in the fingerprint region o f  the spectra.
W a v e n u m b e r  c m -1
Figure 4.6 Imaginary and real density o f  mucin film on gold with the mucin 
characteristic bands labelled. The fingerprint region o f  the spectrum 900 - 
2000 cm '1 is presented here.
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Most o f  the analysis was concentrated in the fingerprint region (between 900 
and 2000 cm'1) on the real density part o f  the spectrum, where we identified the major 
IR absorption o f  mucin, the copolymer and the two layers together (as seen in Figure 
4.7). The rest o f the spectrum (between 2000 and 4000) is also considered because o f  
its broad water peak around 3500 cm '1 that might reveal further evidence for hydrogen 
bonding, not shown in this section. From Figure 4.6 and Figure 4.7a we can see'the 
characteristic bands o f  mucin present in our spectra where, the major one is the amide 
I (1657 cm'1), then followed by the amide II (1540 cm'1), and the smallest one in 
comparison is the amide III (1240 cm'1) bands. Several components in the 1200-1000 
cm '1 region are picked up from the carbohydrate side-chains. These bands are in 
agreements with what is known about mucin in the literature [10, 26].
The pH effect is important to understand for the individual materials before 
the bilayers o f copolymer and mucin are scanned and analysed. Any observed 
differences will then indicate the state o f  the molecules at the pH tested before 
mucoadhesion occur giving us further insight on the process o f  mucoadhesion.
Figure 4.7a shows the spectra o f  mucin on gold deposited from two pH values, 
3 and 7. The two spectra are plotted together to look for any relative change in 
intensities or the shape o f  the bands o f  interest. From the plot we can see that 
changing the pH causes some changes to the bands that are related to hydrogen bond 
formation, mainly the carboxylic groups present on the mucin’ s sialic acid. We 
observed that increasing the pH from 3 to 7 will decrease the intensity o f  the sialic 
acid carbonyl (C=0) band near' 1720 cm"1. Furthermore, we can see that the relative 
intensity o f  the bands near 1556 and 1400 cm'1 have increased with the increased pH 
and they are attributed to the antisymmetric va(COO") and symmetric vs(COO‘) 
stretching vibrations o f  carboxylate groups, respectively. This is seen as an increase in 
the intensity o f  the band near 1556 cm'1 when compared to the amide II band next to 
it and broadening o f  the band at 1375 cm"1 because o f  the increase in the intensity for 
the band at 1400 cm '1. These changes are also accompanied by a decrease o f  the 
absorption bands near* 1261 and 1045 cm'1, which are assigned to the mucin’ s 
carboxylic groups. Specifically, the band near 1261 cm'1 is mainly assigned to CO 
stretching vibrations and the band near 1045 cm '1 is associated with OH bending in 
the COOH groups o f  sialic acid.
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wavenum ber ( cm"1)
Figure 4.7 Re D spectra obtained from IR ellipsometry in the fingerprint 
region for (a) the mucin/Au at a pH o f  3 (dashed line) and 7 (solid line), (b) 
the PAA-6-PMMA/Au, and (c) the mucin/PAA-fi-PMMA bi layers likewise 
at two pH values. Curve 1 shows the experimental data, and curve 2 
represents the sum o f  the spectra o f  the mucin layer and PAA-fi-PMMA 
copolymer film. The characteristic bands are highlighted in green and the 
bands affected by the pH change are highlighted in blue. The vertical lines 
show the division o f  the spectra into four regions that will be considered 
individually in the next sections.
The characteristic bands present in the PAA-b-PMMA copolymer spectrum 
are highlighted in Figure 4.7b. The major characteristic band is the one at 1732 cm '1 
associated with the carbonyl groups. This band is most intense o f  the bands in the 
spectrum, as we can see from Figure 4.7b, because o f  the presence o f  the carbonyl 
groups in both poly(acrylic acid ) and poly(methyl methacrylate) parts o f  the 
copolymer. Other bands present are the CH2 stretching at 1450 cm '1, and the broad
absorption bands in the 1300 -  1150 cm'1 range, which are mainly associated to the 
CO and CC stretching vibrations o f  the ester and carboxylic groups o f  the copolymer 
chains [27, 28].
Lastly, we divided the fingerprint region o f the spectra acquired into four 
separate regions to allow the individual deconvolution and analysis o f  these regions. 
The first region from 1800 to 1690 cm '1 is the carbonyl stretching region which will 
be discussed under the hydrogen bonding section. The second region is the amide I 
region that stretches from 1690 to 1590 cm'1 and it will be analyzed in the mucin’ s 
protein backbone secondary structure section. The third region starts from 1590 and 
ends at 1350 cm'1 and its concerned with the carboxylate stretching and Amide II 
bands, and the fourth region is from 1300 to 1150 cm'1' These last two regions will be 
discussed in two sections, the hydrogen bonding and in the mucin’ s protein core 
secondary structure sections. The last region is outside the fingerprint frequencies and 
lies in the region from 3700 to 2000 cm '1. This region is sometimes termed the water 
region because o f  the broad OH stretching vibrations related band and we will discuss 
it under the hydrogen bonding section.
4.3.2.2. Hydrogen bonding evidence from the PAA-b-PMMA/mucin IR spectra
In aqueous solution it is known that mucin tend to protect the protein core by 
having the carbohydrate side-chains on the outside in contact with the water and the 
core is at the centre o f  the molecule away from the water [12]. The same thing could 
be said about the amphiphilic PAA-b-PMMA where the copolymer film rearranges its 
molecules to expose the hydrophilic PAA blocks to the aqueous solution and the 
PMMA toward the hydrophobic substrate. Contact angle measurements, as discussed 
in chapter 3, showed that the copolymer surface is more hydrophilic after soaking in 
DI water leading to the same conclusion as above. From that we can safely conclude 
that when the copolymer is exposed for a time to mucin aqueous solution, the COOH 
groups o f the PAA segment will be localised on the surface o f  the film, where it will 
be likely to form hydrogen bonds with the COOH groups o f the mucin carbohydrate 
side chains.
In this section we are going to search for spectroscopic evidence present in the 
spectra obtained. The different regions were deconvoluted individually and the finer 
bands were compared to the same bands present on the pure material spectra and with
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the bilayer system. The sum of the two pure films spectra were also plotted to allow 
for the comparison between the experimental data and the data of the two layers 
without any interaction between the two materials.
4 .3 .2 .2 .I. C arbonyl stretching region (1790-1690 c m 1)
1760 1740 1720 1700
wavenumbers (cm'1 )
F igure 4.8 Original (a) and deconvoluted (b) spectra of the carbonyl 
stretching region of the mucin/PAA-b-PMMA bilayer where the dashed line 
is mucin deposited from a solution at pH 3 and the solid line is at pH 7. 
Spectra 1 is the experimental data and 2 is the mathematical sum of the 
individual spectra of mucin and copolymer.
Initially, we looked at the original spectra and we noted any differences 
between them and the mathematical sum of the two individual materials. We saw in 
Figure 4.8a spectra number 2 that the sum of the two materials from pH 3 and pH 7 
resulted in an almost exact match, due to the relatively low contribution of the
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v(C=0) band of carboxylic acid groups of mucin near 1720 cm'1, when compared to 
the band of the copolymer. We also saw a low-frequency shift and a change of shape 
of the v(C=0) band of the copolymer when compared to the sum spectra.
After deconvolution, the asymmetric complex carbonyl band was revealed to 
be made of two components with different intensities. The Figure 4.8b shows the two 
components at 1736 and 1712 cm'1 and they are attributed to the v(C=0) stretching 
vibrations of non-hydrogen-bonded ester and carboxylic acid groups in the PMMA 
and PAA monomers of the copolymer, and the hydrogen-bonded COOH groups in 
PAA respectively [29]. When we compare these two bands to their corresponding 
bands in the curve number 1, the experimental data, we see a shift of about six 
wavenumbers toward the lower frequencies for the band at 1736 cm'1 and another low 
frequency shift and broadening of die band at 1712 cm'1. The cause of the shift for the 
band at 1736 cm'1 will be discussed in the interdiffusion and entanglement section 
including the shift in the two pH spectra. As for the broadening and the shift of the 
hydrogen bonded C =0 groups band, it indicates a change in the band which we can 
attribute it to the formation of hydrogen bonds between the layers. As the pH 
decreases we expect to have more protonated COOH forming hydrogen bonds 
between the two materials causing the change in shape and the shift in the 1712 cm'1 
band. Table 4.1 compares the bands in the bilayer to the bands in the pure material.
4.3.2.2.2. Carboxylate stretching and am ide I I  region (1590-1350 cm '1)
In this region we have two important bands that are related to hydrogen 
bonding between PAA-b-PMMA and mucin, 1556 cm'1 and the broad band at 1415- 
1380 cm"1. The band near 1556 cm'1 is assigned to the antisymmetric va(COO') 
stretching vibration and the band at 1415 -  1380 cm'1 is the symmetric vs(COO") 
stretching vibration [10]. Figures 4.9a and b show the deconvoluted spectra of pure 
mucin and the pure copolymer, respectively.
By comparing spectra a and b in this region we can see that the mucin is the 
major contributor to the absorption at 1556 cm'1, on the other hand, the band at 1415 -  
1380 cm"1 is arising from both mucin and copolymer. Close analysis of spectra 1 and 
2 of these bands in Figure 4.9a reveals that increasing the pH enhanced the va(COO") 
and vs(COO') bands. When the two films are brought together, these bands change
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shape and intensity. Figure 4.9c shows that there is bigger change in the relative 
intensity of the band near 1556 cm'1 and a small shift (about 5 cm'1) in the band near 
1400 cm'1 for both pH suggesting hydrogen bond formation as the films come into 
physical contact. These findings are consistent with what have been reported by other 
authors [10, 11, 30] where, they saw changes to the COO' band and attributed it to 
hydrogen bonding between mucin’s carbohydrate side chains and PAA. The changes 
to the shape of the band will be discussed in the interdiffusion and entanglement 
section.
1550 1500 1450 1400
wavenumber ( cm'1)
Figure 4.9 Re D deconvolved IR ellipsomety spectra of a) mucin/Au at two 
different pHs, b) PAA-b-PMMA/Au and c) mucin/PAA-b-PMMA bilayers 
at two different pHs. Spectra 1 is the experimental data and 2 is the 
mathematical sum of the pure component spectra in a and b.
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4.3.2.2.3. The 1350-1000 cm ’1 region
In section 4.3.2.1 we discussed the presence of the broad bands in the region between 
1300 -  1150 cm"1 (Figure 4.10b) and we saw from literature that this region is 
assigned to the stretching vibration of the ester and carboxylic groups present in the 
copolymer. With the application of the deconvolution method (Figure 4.10b), the 
complex bands were resolved to have four finer bands (1292, 1271, 1167, and 1157 
cm"1) that are attributed to the different conformers of the copolymer chains as 
mentioned previously [31]. These bands are associated specifically with the va(C-C- 
O), and va(C-0-C) stretching vibration of the PMMA ester groups and CO stretching 
vibration with OH in-plane bending of the COOH groups of the PAA imit of the 
copolymer respectively.
As indicated in Figure 4.10b we can also see the presence of these two bands 
1250 and 1167 cm"1. Castello’ s work [27] has shown that these bands depend on the 
tacticity of the pure PAA macromolecule and the relative intensities are dependent on 
changes in the hydrogen bonding and chain conformations to the polymer. We are 
going to look at changes in these bands as well for any evidence of hydrogen bonding.
The spectra of mucin/PAA-b-PMMA are compared to the mathematical sum 
to observe any changes in the earlier indicated bands. In the regionl300 — 1150 cm'1, 
fig 4.10c shows that there was redistribution of relative intensities between 1271 and 
1250 cm'1 and between 1194 and 1159 cm'1 accompanied by a decrease to the band at 
1292 cm'1. These changes are an indication of the increased formation of hydrogen 
bonds between the COOH groups of PAA and mucin. Further analysis of these 
changes will be discussed later in the interdiffusion and entanglement section. In the 
region 1150 — 1000 cm'1, we saw that the pH sensitive band 1045 cm'1 has decreased 
intensity when compared to its adjacent band at 1076 cm'1. The band also broadened 
and shifted slightly toward the lower frequencies, which is consistent with the 
changes in the C =0 stretching region pointing to the formation of hydrogen bonds 
between COOH groups of PAA and mucin.
Another indication of hydrogen bond formation is the differences between the 
bilayer spectra from different pHs. We can see the bands associated with COOH
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groups on the mucin/PAA-b-PMMA pH 3 spectrum increase in relative intensity 
compared to the pH 7 and sum spectra confirming the previous conclusions.
1350 1300 1250 1200 1150 1100 1050
wavenumber ( cm'1)
Figure 4.10 Deconvoluted Re D ellepsometric spectra of the region from 
1300 -  1000 cm'1 where a) mucin on Au from pH 3 and pH7 b) PAA-b- 
PMMA on Au and c) is the PAA-b-PMMA/mucin from pH 3 and pH7 . 
Spectra 1 is the experimental data and spectra 2 is the mathematical sum of 
the pure films of PAA-b-PMMA and mucin.
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4.3.2.2.4. The 3700-2200 cm '1 region
This region usually appears as a broad absorption band for materials with the 
capacity to absorb water due to its sensitivity to OH vibrations. We tried to minimise 
the contribution of water by drying the films in ~ 0 % RH for 24 hours before the IR 
scan. Even after that process we still got a broad band that masked all the other 
features. With the aid of mathematical deconvolution we were able to identify some 
of the bands present in the pure mucin and polymer films on gold and some of the 
bands in the mucin/PAA-b-PMMA films.
Hydrogen bonded OH
3600 3200 2800 2400
wavenumber (crrf1 )
Figure 4.11 Re D of the ellipsometric deconvoluted water peak region for 
mucin on gold (curve 1), PAA-b-PMMA on gold (curve 2) and mucin/PAA- 
b-PMMA (curve 3).
In Figure 4.11 curve number 1 is the mucin spectrum on gold and we 
identified four absorption bands related to hydrogen bonding. The broad strong band 
in the range of 3600 — 3200 cm'1 (maxima at 3400 cm"1) is hydrogen bonded OH 
alcohol groups and the NH asymmetric vibration of the mucin protein backbone. The 
weak band in the range 3700 -  3500 cm'1 is the free OH alcohol groups present in the 
mucin carbohydrate side chains. The other band is in the range between 3100 -  3000 
cm'1 and its associated with the hydrogen bonded OH stretching of the enol groups of
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the mucin carbohydrate side chains. And the last one is related to the hydrogen 
bonded OH stretching vibration of the carboxylic groups in the sugar side chains. This 
band is veiy weak and falls in the region 2700 - 2500 cm-1.
In the same figure we can see curve number 2, which is the pure polymer film 
on Au and has one broad absorption band that is related to hydrogen bonding. This 
strong broad band is in the region from 2700 to 2500 cm"1 and is assigned to the 
hydrogen bonded CO.OH stretching vibration of copolymer and mucin. This band is 
quite strong compared to the same one present in the mucin spectrum and has two 
maxima, one at 2650 cm'1 and the other at 2570 cm'1.
The last curve present in Figure 4.11 is curve number 3 and it has the 
absorption bands from the mucin/PAA-b-PMMA bilayer film. The strong band at 
3400 cm'1 in the mucin on gold spectra has changed to a veiy broad shoulder with 
three maxima at 3450, 3350 and 3210 cm'1 on the bilayer spectrum suggesting the 
presence of more hydrogen bonded OH groups due to mucoadhesion. The other band 
we need to look at is the broad band at 2700 -2500 cm"1. This band has lost its two 
maxima and become one broad stronger band with a maximum at 2600 cm'1 
suggesting the formation of hydrogen bonds between the carboxylic groups of the 
copolymer and mucin.
4.3.2.3. M u c in ’s protein  core secondary structure
The regions we need to analyse in this section are the bands related to the 
protein backbone of mucin. Two regions that are known to be related to the proteins 
part of mucin are the amide I and amide II regions. These regions are also known to 
be sensitive to conformational changes [29,32] as we are going to see next.
Amide I region was present as complex absorption band before deconvolution 
but after applying the deconvolution method we saw several fine bands associated 
with the secondary protein structures like a-helixes and J3-sheets as seen in Figure 
4.12a. In the mucin on gold spectra we obtained three bands at 1670, 1657 and 1632 
cm'1 assigned to (3-tums, a-helix and (3-sheets, respectively, according to the literature 
[33, 34, 35]. In the region where we found the (3-tums peaks we can see some marked 
intensity differences between the mucin spectra deposited from pH3 and 7 solutions. 
From these differences we can note that the mucin film deposited from pH7 has more 
(3-turn structures than the one deposited from the pH3 solution.
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In literature [36], it was shown that BSM in solution has a different secondary 
structure than BSM in the solid state. In that work they saw a lot more random coils 
present in solution when compared to the solid state spectrum. In our work we looked 
at the amide I band in the bulk (solid state) BSM IR spectrum (Figure 4.12b) and we 
saw a shift to lower frequencies when compared to BSM on gold spectrum indicating 
differences in the secondary structures. The complex amide I band revealed to have 
five components as follows: 1694 and 1632, 1661, 1649, and 1641 cm’1 associated 
with (3-sheets, p-turns, a-helix and random coils, respectively.
Comparing the bulk with the thin film BSM spectra we noticed the presence of 
the random coil peak in the bulk spectrum but not in the thin film suggesting that 
mucin macromolecules unfold upon contact with the hydrophobic gold surface. Also 
the relative intensity of the a-helix band in the thin film spectrum has increased 
dramatically compared to the bulk spectrum indicating the presence of more a-helix 
structures upon adhesion.
Now it is important to compare the spectra from mucin on gold with mucin on 
PAA-b-PMMA (Figure 4.12a) to see what effects the copolymer has on the secondary 
structure of BSM. The major differences we saw were the shift (6 cm*1) of the a-helix 
band to lower frequencies once the mucin was bonded to the copolymer and an 
increase of amount of P-sheets accompanied with decrease of p-turns suggesting a 
more unfolded rigid structure of the protein backbone as it adheres to the copolymer. 
The other important comparison is done between the mucin/PAA-b-PMMA spectra 
deposited from pH3 and 7 solutions. From the two spectra we can see that the amount 
of P-sheets has increased as the pH decreased. From this association we can safely 
conclude that stronger mucoadhesion is accompanied by increased p-sheets structures.
Amide II region has the amide II band at 1540 cm"1 coupled with the pH 
sensitive COO" band at 1556 cm'1 and it is associated with C-N and C-C stretching 
vibrations [29, 32]. As suggested in the literature, changes in the halfwidth of the 
amide II band and a shift in the opposite direction of the amide I is an indication of 
conformational changes and hydrogen bonding of the protein backbone. In our spectra 
seen in fig 4.9c we observed a change in the relative intensity of the amide II band 
accompanied by broadening leading to the conclusion that BSM macromolecules 
change conformation when they come in contact with the copolymer.
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wavenumber (cm'1)
wavenumber (cm'1)
Figure 4.12 Amide I IR spectra of a) Re D deconvoluted elipsometric 
spectra of mucin on gold (curve number 1) and mucin/PAA-b-PMMA on 
gold (curve number 2) deposited from two pH solutions as indicated in the 
graph. And b) the IR spectrum of the bulk mucin where 1) is the original 
spectrum and 2) is the deconvoluted spectrum.
The third and last region we will investigate is the region from 1300 to 1000 
cm'1 (fig 4.10c) where we found from literature that the band at 1271 cm'1 is related to 
the trans conformations of ester groups in PMMA blocks [19]. We observed changes
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in the relative intensity of this band, which is due to the increase of the trans 
conformations upon adhesion.
4.3.2.4. In terd iffusion  and Entanglem ent
Chain interdiffusion across the interface between two polymers was proposed 
by Voyutskii in 1971 [37] where segments of the polymers diffuse across the interface 
after intimate contact with each other. Later Mikos and Peppas [38] adopted this 
theory in their work as a possible mechanism for mucoadhesion. The interdiffusion 
and entanglement follow certain stages starting with initial contact then with the 
passage of time chain interpenetration starts to occur as proposed in the sketch in 
Figure 4.1. The extent and strength of adhesion according to this theoiy is determined 
by the extent of interpenetration and the interfacial thickness between the two 
polymeric materials. Jabbari and Peppas [11] have seen in the work they have done on 
evidence of mucoadhesion by interpenetration at the PAA/mucin interface using 
ATR-FTIR spectroscopy that interpenetration depends on polymer-polymer 
compatibility and it is influenced by pH. In our work we are using FTIR ellipsometry 
to investigate the presence of interdiffusion between the copolymer PAA-b-PMMA 
and mucin after 24 hours of contact time.
The first region we are going to look at is the carbonyl stretching vibration 
region from 1790 to 1690 cm'1 where we found two maxima at 1736 and 1712 cm'1 as 
seen in Figure 4.8b. The band at 1736 cm"1 is the stretching vibration of the free (not 
hydrogen bonded) carbonyl of ester and carboxylic acid groups of PMMA and PAA, 
respectively. The other band at 1712 cm'1 is the stretching vibration of the hydrogen 
bonded carbonyl of carboxylic acid groups of PAA block of the copolymer. By 
comparing the two experimental spectra from the different pHs to each other and to 
the sum spectra we can see that both spectra have shifted to lower frequency at the 
1736 cm'1 band and the pH 7 spectrum had a slightly larger shift of 6 cm"1. The other 
difference important to note is the slightly lower contribution of the hydrogen bonded 
C=0 groups in the pH 7 spectrum in comparison to the pH 3 spectrum. In order to 
understand what is happening to these bands we need to understand what happens to 
the materials as the pH changes between 7 and 3. It is known from literature that as 
the pH increases from acidic to neutral more and more COOFI groups of both PAA 
and mucin become deprotonated making them negatively charged and not available
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for hydrogen bonding [30, 39, 40]. This negative charge leads to strong electrostatic 
repulsion between the copolymer and mucin chains, uncoiling the polymer chains and 
decreasing the density of polymer chain packing. These changes can decrease the 
chances of interdiffusion thus lowering the strength of adhesion. From this 
understanding, the larger shift of the free C =0 band at 1736 cm'1 at pH 7 can be 
attributed to the larger changes to the structure of the copolymer chains due to the 
strong repulsion of the negatively charged uncoiled PAA blocks. Therefore, leading to 
less interdiffusion interactions between PAA and mucin chains and lower adhesion 
strength.
The second region of interest to interdiffusion is the carboxylate stretching 
region from 1590 to 1350 cm'1. This region contains many pH sensitive bands as seen 
in Figure 4.9a and the amide II. Pronounced differences between the pH 7 and pH3 
spectra (Figure 4.9c) in the amide II region can be accredited to changes in the 
chemical environment around the carboxylate groups in the mucin chains due to the 
negative charges. The changes can lead to lower adhesion because of decreased 
interpenetration.
4 .4 .  C o n c lu s io n s
With the use of IRSE ellipsometry and the regularized method of 
deconvolution, characteristic spectral changes caused by the adhesion of BSM on 
PAA-b-PMMA copolymer surface have been identified in order to explain the above 
observations. Spectroscopic evidence for the formation of hydrogen bonds between 
the copolymer and mucin macromolecules in the double-layer system has been found. 
The IR ellipsometry data, in agreement with the VASE analysis, reveal the pH 
dependence of adhesion of mucin on the copolymer surface. There is an increase in 
the amount of hydrogen-bonded carboxyl groups in mucin deposited at a pH of 3, 
which, in turn, favour's stronger mucoadhesion.
The process of adhesion of mucin on the PAA-b-PMMA surface, as compared 
to a gold substrate (Au), is accompanied by changes in the secondary structure of the 
protein backbone. The proportion of [3-sheets therefore increases, which indicates a 
more unfolded, aggregated structure of the mucin macromolecules after adhesion. The 
conformational changes in the protein backbone of mucin are found to be pH
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dependent. A  slightly higher proportion of p-sheets in the secondary structure of the 
protein backbone at a pH of 3 has been revealed, which correlates with the greater 
amount of mucin adsorbed on the copolymer surface at this pH. The IR ellipsometry 
results allow us to make a conclusion that the more aggregated and ordered structure 
of mucin adsorbed on the copolymer surface, as compared to the hydrophobic PMMA 
surface is induced by the formation of a greater amount of p-sheet structures. 
Moreover, some changes in conformational states of the side groups of the copolymer, 
caused by interdiffusion and interactions with the mucin macromolecules, occur upon 
adhesion.
Clearly, IR ellipsometry is an effective tool to study bioadhesion in multi­
layered systems. Our work demonstrates that an acrylic acid AA copolymer can be 
used as a type of “primer layer” when depositing a mucin coating. This may allow the 
deposition of a more robust and uniform mucin layer which makes it more effective as 
an antifouling coating.
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C h a p t e r  5
M ic r o o r g a n is m  c e ll a d h e s io n
5 .1 .  B a c te r ia l  A d h e s io n  to  M u c i n  F ilm s
5.1.1. Introduction
Many studies have shown that the numbers of microorganism cells adhering to 
hydrophobic surfaces are higher than that on hydrophilic surfaces [1, 2, 3, 4], They 
also have shown that hydrophobic interactions are largely responsible for the initial 
stage of adhesion [5]. Having said that, electrostatic interaction plays a role that might 
dominate if the hydrophobicity of the cell surface is reduced. In a study by Van 
Loosdrecht et al. [6] on electrophoretic mobility and hydrophobicity of bacteria, they 
proposed a general scheme for the adhesion of bacteria, where the initial adhesion of 
hydrophobic bacteria is dominated by hydrophobic interactions. On the other hand, 
the adhesion of relatively hydrophilic bacteria is dominated by the electrostatic 
interactions.
Most microbial cells have a negative net charge, which might repel or attract 
the cell to a surface. The adhesion of the microbial cell depends on both the net 
charge and the hydrophobicity of the cell and the substrate surfaces [5]. The cells’ net 
surface charge and hydrophobicity are influenced by the growth phase Tife-cycle’ , the 
growth environment and the nutrient availability, as a study by Gilbert et al. [7] 
suggested. This enables the microorganism to colonise one area then relocate to 
another area. That study showed that as the microorganism cells start to divide and
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multiply, the daughter cells have different hydrophobicity and charge than those of 
the parent cells, thus decreasing their adhesion forces. When the cells reach the 
stationary growth phase, the phase when viable cell numbers do not change, these 
properties return to normal, allowing for better adhesion to surfaces. In our study all 
the microorganisms were allowed to grow to the stationary growth phase to minimise 
differences in the hydrophobicity and cell surface charge between the experiments.
The hydrophobicity of a microbial cell depends on the amounts of 
hydrophobins and hydrophilins present on the cell’ s surface [5, 8]. Hydrophobins and 
hydrophilins are cell surface components, such as surface proteins and polar surface 
macromolecules, which promote or reduce hydrophobicity, respectively. In other 
words, all microorganisms are amphiphilic and they tend to lean toward hydrophobic 
or hydrophilic, depending on the hydrophobins’ and hydrophilins’ relative values and 
distributions, which explains why all microorganism cells disperse well in water- 
based solutions. Figure 5.1 a and b show the general different structures of the outer 
envelop of gram-negative and gram-positive bacteria. The outer envelope, as 
discussed in section 1.4, consists of a disaccharide polymer cross-linked with chains 
of amino acids called murein. The cell wall structure of gram-positive bacteria is 
between 20 to 80 nm and consists of several layers of petidoglycan complexed with 
teichoic acids. Gram-negative bacteria have a thinner cell wall made up of a single 
layer of the molecule peptidoglycan surrounded by an outer membrane. The outer 
membrane of gram-negative bacteria consists of lipopolysaccharides (LPS), proteins 
and intracellular polysaccharides in different concentrations depending on the strain. 
LPS increases the membranes negative charge and its overall structure stability. LPS 
is anchored to the outer membrane with its lipid chain and its polysaccharide chains 
can protrude up to 30 nm into the cells’ surroundings [9]. It has been argued in 
various studies that the LPS distribution and chain length can influence the adhesion 
of gram-negative bacteria, such as E. coli [10, 11]. The concentration of the different 
cell wall components influence the cells hydrophobicity and surface charge 
distribution, thus influencing their initial adhesion strength. The components of the 
cell wall have many functions ranging from protection against environmental changes 
like pH to adhesion to surfaces [5, 9, 12].
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Figure 5.1. A sketch of the outer cell envelope of a Gram-positive and a
Gram-negative bacteria. (The sketch was recreated from images in [12])
Another factor that plays a major role in the adhesion of some species of 
microorganisms is the presence of filamentous surface organelles called fimbriae and 
pili, such as found on E. coli [13, 14]. Fimbriae are filamentous appendages that 
extend from the surface of the cell and are in contact with the surrounding external 
surfaces. They are made from a biopolymer, consisting of subunits of the protein 
pilin, and can be up to 20 nm in length and 7 nm in diameter. They may number in the 
thousands depending on the species. There are several types of pili. Some are used as 
sex organelles that occur on donor cells and may extend to 20 nm long and 10 nm 
wide. Some are used for adhesion and motility, and some play a major role in causing 
infections [13, 14]. These filamentous organelles are thought to contribute greatly to 
initial and final adhesion through their higher hydrophobicity and through their 
specific ligand binding sites. These appendages may allow the cell to anchor itself to 
crevices allowing the microorganism to establish its specific irreversible bonds with 
the surface, which are dependent on contact time.
The cell surface of fungal opportunistic pathogens such as Candida albicans is 
of great interest because it is the site of contact and adhesion to hosts surface. The 
fungal species C. albicans is one of the most encountered fungal pathogens in clinical 
medicen [15]. It has been proposed that C. albicans gain entry to the body through 
one of two routes: 1) directly through an opening in the blood vessels, e.g., through 
intravenous catheter; or 2) persorption through the intestine or bladder [16]. The first 
route of entry is associated with the adhesion of C. albicans to the plastic material that 
make up most catheters, such as polyethylene and poly(tetrafluorethylene). It has been
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reported that people working with the Candida species are familiar with their affinity 
to adhere to plastic surfaces. These observations have been confirmed through studies 
done to evaluate the adhesion of C. albicans to various types of plastic [16,17]. In 
these studies it was shown that most Candida species have a tendency to adhere to 
hydrophobic polymer surfaces in various degrees.
C. albicans have a rigid, smooth cell wall made up of a flexible nitrogen- 
containing polysaccharide called chitin [9]. It lacks any flagella and it has an overall 
negative charge. It has been reported that the cell wall of C. albicans also contains 
residues of silaic acid and it contributes to the cells’ overall electrostatic potential 
[15]. The reports of the degree of C. albicans’ outer surface hydrophobicity vary 
greatly; where some studies have found it to be hydrophobic [18] others reported that 
it was slightly hydrophilic [16]. These variations might be explained by the yeast’ s 
capability of changing its surface hydrophobicity in response to its environment. It is 
been reported that C. albicans is capable of producing a surfactant which make the 
cell surface more hydrophobic [15]. These surfactants are either cell wall associated 
or excreted to the cells’ surrounding to aid in the adhesion process.
From the above we can see that hydrophobicity of the microorganism’s cell 
wall and the substrate can contribute greatly to the net attractive forces, which counter 
the net repulsive forces, therefore increasing or reducing the strength of adhesion. 
Arising from that principle, we used mucin from BSM, as a model mucin, to change 
the hydrophobicity of surfaces from hydrophobic to hydrophilic, therefore decreasing 
the attractive forces and reducing the chances of initial adhesion. The charge of the 
mucin coating can also play a role in reducing the numbers of adhering bacterial cells, 
since it has a negative charge at pH 7, thus repelling negatively-charged bacteria. The 
bare surfaces and the mucin-coated surfaces were incubated with each microbial 
species for 2 hours only. This is done to minimise specific binding and evaluate the 
adhesion based on the forces that affect the docking stage only, such as 
hydrophobicity and surface charge.
5.1.2. Experimental methods
In this set of experiments, cell adhesion is evaluated by comparing the 
numbers of cells adhered to the mucin-coated and uncoated polymeric surfaces. Three
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organisms were chosen because they are the leading cause of CAUTIs, and because of 
their different membrane composition and different size [19]. The organisms used are: 
Staphylococcus epidermidis, Candida albicans and Escherichia coli.
The experimental procedure is listed in the order its was carried out.
The first step is the surface and microorganism suspension preparation.
• The surfaces were prepared as described in section 3.2.2 creating 
mucin layers on top of the polymer substrates at pH of 7.
• Bare silicon, PMMA, and PAA-b-PMMA surfaces were left without 
mucin for comparison.
• Cell density was determined by using either the plating method and the 
spectrophotometer or the haemocytometer as described in section
2.4.2, and then adjusted to 5x 107 cell/ml.
The second step is the microorganism adhesion experiment.
• The mucin-coated and the uncoated surfaces were placed in multiwell 
dishes, and the wells were filled with ~5ml cell suspension.
• The surfaces were left to incubate in the cell suspension while shaking 
for 2 hours at 37°C.
• In the case of the C. albicans the surfaces were incubated in the 
suspension at 25°C for 2 hours while shaking.
• Then the surfaces were rinsed three times with 25ml PB to remove all 
the unattached bacteria.
• After that the cells were fixed on the surface using Kamovsky’s 
fixative solution (glutaraldehyde).
The third step is counting and statistical analysis.
• Under an optical microscope the cells were imaged and counted 
systematically from three different areas on each surface. (See section
2.4.2)
• This experiment was repeated three times and the averages and 
standard deviations were calculated.
• The reduction percentages were calculated from the relation in section
2.4.2.
110
5 .1 .3 . Results and discussion
The images in Figures 5.2 show the adhered cells of Staphylococcus 
epidermidis to uncoated and mucin-coated polymeric surfaces. S. epidermidis is 
clearly visible on the images as individual spherical cells or as small clusters of 5-10 
cells. Figure 5.2a and c of the bare silicon and PMMA surfaces had large numbers of 
bacteria adhering to them (6.9 and 2.5 (X106 bacteria/cm2), respectively). The full 
bacterial coverage on these two surfaces might be attributed to their relatively high 
hydrophobic nature as seen from the contact angle measurements in chapter 3. On the 
other hand, PAA-b-PMMA (Figure 5.2e) had fewer numbers adhering to it, in 
comparison with Si and PMMA, because of the hydrophilic nature of PAA block of 
the copolymer. The surfaces covered with mucin (images on the right side in Figure
5.2) contain by far the lowest numbers of adhered bacteria. These results are in 
agreement with previous studies found in the literature [20,21,22].
The images in Figure 5.3 show examples of the adhered Escherichia coli cells 
to uncoated and mucin-coated polymeric surfaces. The cells of E. coli appear in 
Figure 5.3 as individual cylindrical cells or as aggregates. The aggregates only 
appeared on the surface of the silicon substrate as seen in Figure 5.3a, whereas 
individual cells adhered on the other surfaces. The adhered cells on bare silicon and 
PMMA were similar (about 0.9 XlO6 bacteria/cm2) as counted from Figure 5.3 a and 
c, but the reduction in these numbers was more apparent for PMMA after coating with 
mucin as seen in Figure 5.3d. The images in Figure 5.3e and f show that PAA-b- 
PMMA copolymer surface had the least numbers of E. coli attached to it, in 
comparison to the bare silicon and PMMA surfaces, and the presence of a mucin 
coating on top of the copolymer further reduced the attached cells from 0.2 to 0.06 
(XlO6 bacteria/cm2).
From Figures 5.2 and 5.3 we can see that the reduction in the numbers of the 
adhered bacteria, after coating with mucin, was more pronounced in the case of S. 
epidermidis when compared to the E. coli images. The presence of the pili and 
flagella on the surface of the E. coli cells might be giving it an advantage when it 
comes to adhering to the mucin-coated surfaces.
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Figure 5.2. Microscopic image showing the adhesion of Staphylococcus 
epidermidis to: a) Bare Si. b) Mucin coated Si. c) PMMA, d) Mucin coated 
PMMA, e) PAA-b-PMMA and f) Mucin coated PAA-b-PMMA. All the 
surfaces on the right side are coated with BSM (1 mg/ml for 24h at room 
temperature).
Figure 5.3. Microscopic image showing the adhesion of Escherichia coli to:
a) Bare Si, b) Mucin coated Si, c) PMMA, d) Mucin coated PMMA, e) 
PAA-b-PMMA, and f) Mucin coated PAA-b-PMMA. All the surfaces on 
the right side are coated with BSM (1 mg/ml for 24h at room temperature).
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Figure 5.4. Bacterial adhesion of a) Staphylococcus epidermidis, b) 
Escherichia coli, on Silicon, PMMA and PAA-b-PMMA before and after 
coating with mucin. Error bars represent the standard deviation.
Quantitative analysis of the images in Figure 5.4 shows that the mucin-coated 
Si, PMMA and PAA-b-PMMA have exhibited a reduction in the numbers of bacteria 
adhering to the surface. Coating with mucin caused a percent reduction of at least 
70%, except for E. coli on silicon, which had a 49% reduction, as calculated from the 
data presented in Figure 5.4 a and b. The lower reduction on the Si mucin-coated 
surfaces for the E. coli could be due to the poor mucin coverage on the surface, as has 
been suggested in Chapter 3. The results from Figure 5.4a and b also showed that 
mucin coating reduced the numbers of E. coli by roughly 70%, whereas the numbers 
of S. epidermidis were reduced by 90% suggesting that mucin coating was more 
effective against S. epidermidis than E. coli. These differences might be explained 
from the literature [7, 20] where it is been suggested, that the E. coli’s cell wall has 
lower hydrophobicity than S. epidermidis, thus, allowing the E. coli to adhere in 
larger numbers to the hydrophilic mucin coating. Although the hydrophobicity of 
bacteria depends on the species, strain and condition of growth, Rosenberg’s work 
[20] can give an indication of the degree of hydrophobicity of E. coli, which suggests 
that it is lower than other bacterial species. Gilbert et al. [7] concluded after 
conducting hydrophobicity tests that E. coli was significantly more hydrophilic than 
S. epidermidis. That observation can also explain why in our study more S.
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epidermidis adhered to the hydrophobic Si and PMMA substrates than E. coli (see 
contact angle measurements on the bare surfaces Chapter 3).
The mucin coating on PAA-b-PMMA was twice as thick as that on Si and 
PMMA and had a more uniform mucin layer, as seen in Chapter 3. Also the bacterial 
adhesion was the lowest on the mucin-coated PAA-b-PMMA, as seen in Figure 5.4a 
and b. Therefore, it is safe to conclude that a thicker, uniform mucin coating is more 
effective in reducing bacterial adhesion than a thinner non-uniform mucin coating.
Figure 5.5. Microscopic image showing the adhesion of Candida albicans 
to: a) Bare Si, b) Mucin coated Si, c) PMMA, d) Mucin coated PMMA, e) 
PAA-b-PMMA, and f) Mucin coated PAA-b-PMMA. All the surfaces on 
the right side are coated with BSM (1 mg/ml for 24h at room temperature).
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In comparison with the results from the bacterial adhesion, the mucin coating 
appears less effective in suppressing the adhesion of the yeast C. albicans as seen in 
the images in Figure 5.5. Here the larger yeast cells adhering to all the surfaces 
without visible differences between the mucin-coated and uncoated surfaces, except 
for the bare PAA-b-PMMA. PAA-b-PMMA, Figure 5.5e, had the least visible C. 
albicans cells on the surface. This conclusion is more evident when looking at the bar 
graph in Figure 5.6, where it is clear that only the bare PAA-b-PMMA expressed 
some suppression properties toward C. albicans. These results indicate that the yeast 
cells were able to adhere to the mucin coated surfaces and the percent reduction was 
very low. In the case of Si and PMMA, a reduction on the magnitude of 36% and 0%, 
respectively, was observed, suggesting the ineffectiveness of mucin to suppress C. 
albicans when the standard deviation is taken into account. Moreover, the numbers of 
C. albicans adhering to PAA-b-PMMA were less than that of the mucin coated PAA- 
b-PMMA which leads us to conclude that C. albicans exhibited some affinity to 
mucin.
Figure 5.6. Cell adhesion of Candida albicans on three mucin-coated and 
uncoated surfaces: Silicon, PMMA and PAA-b-PMMA.
Figure 5.7 illustrates the correlation between the thickness of mucin layer and 
the adherence percentage, which is found from the ratio between the cell numbers on 
the mucin-coated surface and the numbers on the same bare surface. As the thickness 
of the mucin layer increases, the adherence percentage increases, indicating that 
thicker mucin layers attract more C. albicans to adhere to it. These observations might
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be explained by the work of Sundstom on the adhesion of Candida albicans [23]. 
Sundstom discussed how C. albicans is capable of changing its surface 
hydrophobicity depending on the medium it grows in. If the yeast changed its surface 
hydrophobicity to become more hydrophilic, this might explain the large numbers 
present on the mucin. Also Sundstom has reported that C. albicans adheres to 
mucosal membranes in two stages 1) adhesion to mucosal surface via hydrophobic 
interaction and protein specific bindings then 2) attracting nonviable epithelial cells 
via hydrophobic interaction to create an environment for filamentous growth, via 
germ tubes. This further explains our finding on the C. albicans affinity to mucin.
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Figure 5.7. The correlation between C. albicans adherence percentage and 
thickness of mucin layer adsorbed on the surfaces of silicon, PMMA and 
PAA-b-PMMA.
5.1.4. Conclusion
From the cell adhesion experiments, we saw two effects of mucin. One is the 
suppression of the adhesion of Staphylococcus epidermidis and Escherichia coli, and 
the other is the increased numbers of adhered Candida albicans to the thick mucin 
layers. A certain suppression of adhesion was observed for the two types of bacteria 
for Si/mucin, PMMA/mucin and PAA-b-PMMA/mucin surfaces. The numbers of 
Staphylococcus epidermidis and Escherichia coli adhering to the surfaces were 
reduced by more than 70% (except for E coli on Si/mucin where it was 49%) as a 
consequence of the adsorbed mucin on these surfaces. The lower reduction for E coli 
on Si/mucin may be because E. coli has flagella that are capable of anchoring
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themselves to the surface and/or because of the mucin’s poor coverage on the Si 
surface. It was also found, that there was less bacterial adhesion on the bare 
hydrophilic copolymer PAA-b-PMMA compared to the more hydrophobic PMMA.
In the case of Candida albicans adhesion to the mucin-coated surfaces, it was 
observed that mucin was less effective in suppressing the numbers adhering to 
Si/mucin and PMMA/mucin surfaces. The numbers of cells adhering to PAA-b- 
PMMA/mucin increased compared to the uncoated surface, suggesting an affinity 
between mucin and the yeast cells, whereas PAA-b-PMMA possessed adhesion- 
suppressing properties toward C. albicans. We also have shown some evidence of a 
correlation between the mucin thickness and the increased numbers of C. albicans, 
where the thicker mucin on PAA-b-PMMA has allowed for more adhesion than the 
thinner mucin layers on Si and PMMA.
5 .2 .  M u c i n  f i lm  th ic k n e s s  e f fe c t  o n  b a c te r ia l  a d h e s io n
5.2.1. Introduction
In the previous section, experiments were reported to determine whether a 
mucin layer has any effect on the numbers of cells adhering to different surfaces. The 
results proved that having a thin mucin layer on the polymeric surfaces can suppress 
the numbers of Staphylococcus epidermidis and Escherichia coli adhering to the 
surfaces, but it was ineffective in suppressing Candida albicans. In the case of C. 
albicans, a correlation between the thickness of the mucin layer and the number of 
cells was observed, where the numbers increased with the increased thickness of the 
mucin layer. These results led us to think about whether there is a correlation between 
the numbers of S. epidermidis or E. coli and the mucin thickness.
In section 3.3 the method of changing the thickness of the adsorbed mucin 
layer on PAA-b-PMMA was demonstrated by changing the pH of the mucin solution 
during the adsoiption process. Utilizing this level of control we set out to evaluate the 
suppression effect of a thicker mucin layer on the numbers of S. epidermidis and E. 
coli.
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5 .2 .2 . Experim ental m ethods
• Polymer films were prepared in the same procedure as used in section
3.2.2.
• Thin and thick mucin films were adsorbed on the polymeric surfaces as 
described in section 3.3.2.
• The thick and thin mucin-coated and uncoated films were incubated in 
the bacterial suspension with a density of 5xl07 bacteria/ml at 37°C for 
2 hrs while shaking, and then the surfaces were treated in the same 
manner as the films described in section 5.1.2.
• After fixing the bacteria on the surfaces the adhering bacteria numbers 
were imaged and counted.
5.2.3. Results and discussion
In this set of experiments the adsoiption of mucin films on Si, PMMA, and 
PAA-b-PMMA from two different pH solutions (3 and 7) was preformed, and the 
thicknesses was measured and presented in Table 5.1. As observed in section 3.3.3 
and is evident from the results in Table 5.1, the pH difference did not significantly 
change the thickness of mucin layer on Si and PMMA substrates, but it doubled the 
thickness on PAA-b-PMMA, when the pH was reduced. As expected, the numbers of 
adhered bacterial cells to the mucin coated silicon and PMMA at a pH of 3 were 
similar to the results obtained in the previous section at a pH of 7 since the mucin 
thickness is not affected by pH on these surfaces. Therefore, the discussion will be 
focused on the results acquired from the bacterial counts on the thick and thin mucin 
layer on PAA-b-PMMA obtained at pH values of 3 and 7, respectively.
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Table 5.1. Thicknesses of polymer and mucin films in relation to pH as 
measured by VASE.
Sample p H  Polym er M u cin  Thickness
Thickness (nm ) (nm )
Si/Mucin 3 - 3.2±1.2
7 - 2.7±1.0
Si/PMMA/Mucin 3 12.6±2.2 6.5±1.6
7 11.8±2.5 5.1±1.2
Si/PAA-b- 3 22.7±2.3 17.7±2.2
PMMA/Mucin 7 22.4±2.0 8.3±1.4
b)
1) ri f)
Figure 5.8. Microscopic image showing the adhesion of Staphylococcus 
epidermidis to: a) Bare PAA-b-PMMA b) Thin mucin coated PAA-b- 
PMMA from pH7 1 mg/ml mucin solution c) Thick mucin coated PAA-b- 
PMMA from pH 3 1 mg/ml mucin solution. And the adhesion of Escherichia 
coli to: d) Bare PAA-b-PMMA e) Thin mucin coated PAA-b-PMMA from 
pH7 1 mg/ml mucin solution f) Thick mucin coated PAA-b-PMMA from 
pH3 1 mg/ml mucin solution.
S', epidermidis counts on the bare PAA-b-PMMA surface (Figure 5.8 a) are 
low compared to the bare Si or PMMA surfaces because of its hydrophilic nature, but 
not as low as the numbers adhering to the mucin coated films. The microscopic 
images in Figure 5.8 b and c show S. epidermidis cells adhering in fewer numbers on 
the thick mucin coating when compared to the thin mucin coating. The poly(acrylic 
acid) block of the copolymer is polar and has the ability to absorb water and swell up,
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reducing the net hydrophobicity of the surface as seen from the contact angle 
measurements in Chapter 3. This reduction of hydrophobicity plays a major role in 
minimizing the contact time of bacteria to the surface, thus reducing the chances of 
the initial stage of adhesion, as discussed in previous sections. Adsorbing a mucin 
layer on top of the copolymer further reduces the hydrophobicity of the surface 
making it even more resistant to bacterial adhesion as evident from the results 
illustrated in Figure 5.8 b and c. Figure 5.8d show the E. coli cells adhering to the 
surface of the bare PAA-b-PMMA. These numbers were reduced as the copolymer 
was coated with mucin, as evident from Figure 5.8 e and f, but similarity between the 
images e and f indicate that the thicker mucin layer did not reduce the bacterial 
numbers more than the thin mucin coating.
These results indicate that S. epidermidis adhered more to the bare PAA-b- 
PMMA surface than E. coli suggesting that the net negative charge of the S. 
epidermidis might be less than that on E coli and or the hydrophobicity difference 
between the two types of bacteria might have an influence on increasing the adhered 
numbers. A  study conducted by Vacheethasanee et al [24] found that the adhesion of
S. epidermidis might be influenced by the hydrophobicity and not by the substrate 
surface charge, which is in agreements with our results.
Figure 5.9 also shows a correlation between mucin layer thickness and S. 
epidermidis counts where, as the thickness of the mucin layer is increased, a further 
reduction in the numbers of the bacteria is achieved. This reduction was calculated to 
be 43% compared to the thin mucin coating. This effect might be due to the increased 
hydrophilicity of the thicker mucin layer, as seen from the contact angle 
measurements in Chapter 3. Also, as the mucin thickness increases, the 
physiochemical properties change slightly because of the increased number of 
adhering mucin per area. In a monolayer of mucin the macromolecules can reorient 
themselves so that their hydrophobic components are facing the hydrophobic 
components of its environment and the hydrophilic components facing the hydrophilic 
components [4, 25], The reorientation is dependent on the substrate hydrophobicity 
and the media it is in. As the amount and thickness of the mucin layer increase, the 
top mucin layer is influenced by the lower mucin layer and the media. It might 
reorient differently than the monolayer and therefore possess slightly different 
physiochemical properties, such as charge density distribution and hydrophobicity.
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On the other hand, counts of E. coli cells adhering to the PAA-b-PMMA 
mucin-coated surfaces showed the following: There was a major reduction in the 
numbers of E. coli cells on the mucin-coated copolymer (78%) compared to the bare 
PAA-b-PMMA, as seen in Figure 5.9, but there was no further reduction in the 
numbers of E. coli cells on the thicker mucin coated copolymer. Many factors could 
be the reason for this observation, among which is the presence of adhesive fimbriea 
on the surface of E. coli as discussed in Chapter 1.4. These adhesive organelles were 
observed to facilitate the adhesion of E. coli to intestinal mucosa by anchoring a few 
to the mucus surface then having other E. coli cells aggregate on them [26, 27]. Also 
the lower hydrophobicity of E. coli might allow the bacteria to adhere long enough on 
the mucin surface until stronger bonds are created.
uncoated Thin mucin Thick mucin
Figure 5.9. Bacterial adhesion of Staphylococcus epidermidis, and 
Escherichia coli, on thin and thick mucin-coated and uncoated PAA-b- 
PMMA in relation to the thickness of the mucin layer.
5.2.4. Conclusion
Our experiments evaluating the effect of thicker mucin layers on the 
suppressing of bacterial adhesion revealed that Staphylococcus epidermidis is 
sensitive to the presence of a thicker mucin layer, but Escherichia coli is not. The 
presence of a mucin layer has reduced the numbers of both bacterial species greatly, 
91% for S. epidermidis and 78% for E. coli compared to the bare copolymer surface,
1 2 2
but S. epidermidis was reduced by a further 43% on the thick mucin layer from the 
numbers on the thin mucin layer. E. coli had comparable numbers on the thin and the 
thick mucin layers, indicating that the thicker layer has not performed better than the 
thinner layer.
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C h a p t e r  6
S u m m a r y  a n d  fu tu r e  w o r k
6 .1  S u m m a r y
Bovine submaxilary mucin is a natural occming polymer that closely resembles 
the types of mucin present in the human body. Its potential use as a natural 
biomaterial in medicine attracted us to undertake this fundamental research study. In 
this study, a uniform mucin coating was created and evaluated against the adhesion of 
microorganisms. A study of the mechanism of adhesion between the base and the 
mucin coatings was also undertaken. Understanding the mechanism allowed us to 
control the thickness by varying the pH.
Mucin molecules were adsorbed on silicon, PMMA, and PAA-b-PMMA to 
create the coatings. Our results indicated that the mucin layers adsorbed from pH 7 
mucin solutions on silicon and PMMA were very thin (3.7±2.1 and 4.1±1.9, 
respectively). The relatively high standard deviation suggests that the mucin coatings 
on these two surfaces were not uniform. This conclusion is further supported by visual 
observations, contact angle measurements and AFM images. Visually, the mucin 
coating on silicon and PMMA were covered with water in patches, where the wet 
patches are indicative of mucin coverage. Contact angles dropped from 62.3°±1.3 to 
57°±7.0 on silicon and from 69.4°±0.2 to 50.2°±4.0 on PMMA after coating with 
mucin. Variation in the contact angle from one area to the next, in the same sample, 
resulted in high standard deviations, which suggests patchy mucin coverage. AFM 
images also indicated to the discontinuity of the mucin coating by revealing the 
presence of large mucin aggregates, in excess of 100 nm in height, on the surfaces of
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silicon and PMMA. When the pH of the mucin solutions was varied from 3 to 10, 
there were no different effects on the adsorbed mucin layer.
On the other hand, the mucin coatings on the copolymer PAA-b-PMMA were a 
lot thicker in comparison to the mucin coating on silicon and PMMA (7.0+1.0, 
6.6+1.5, and 16.1±2.2 nm mucin layers adsorbed from mucin solutions at pH 10, 7, 
and 3, respectively). These results suggest that pH 10 and 7 have the same adsorption 
process, resulting in the same thickness of mucin layer adsorbed on the surface of the 
copolymer. Adsorption from pH3 mucin solution however, resulted in ~130% 
increase in mucin layer thickness compared to pHIO and 7. The increase in thickness 
could be attributed to the change in net charge of the mucin molecule and the PAA 
block of the copolymer, from negative to neutral, and the conformational changes of 
the mucin molecule, allowing for more mucin molecules to be attracted to the 
copolymer surface. The thin and thick mucin coatings on PAA-b-PMMA were 
hydrophilic and uniform as suggested by the consistency in the contact angle 
measurements (40.4°+1.4 and 22.6°+0.5, respectively) and by the AFM images, 
which revealed smoother mucin coatings with smaller aggregates on the surfaces.
These last results gave us the means for creating a uniform film with varying 
thicknesses for the microorganism adhesion evaluations. The bonding at the interface 
between PAA-b-PMMA and mucin was then investigated to shed some light on the 
effect the pH has on the thickness of the adsorbed mucin layers.
By probing the interface between the base PAA-b-PMMA layer and the top 
mucin layer adsorbed from two pH mucin solution 3 and 7, with infrared 
ellipsometry, and then comparing it to the IR absorption spectra of the mucin and 
PAA-b-PMMA sum spectra, we came to the following conclusions. Hydrogen-bond 
formation is a major contributor to mucin adhesion to the copolymer as was evident 
from the changes in the intensities and band positions of the known IR bands 
associated with hydrogen bonding. There is an increase in the amount of hydrogen- 
bonded carboxyl groups in mucin deposited at a pH of 3, which is consistent with the 
thicker mucin layers adsorbed at the lower pH as measured with VASE. The 
conformation of the mucins protein backbone on PAA-b-PMMA is pH dependant, as 
we saw a slight increase in the amounts of P-sheets on the mucin layers adsorbed 
from the pH 3 solutions. And lastly, there was some evidence of interdiffusion 
between the mucin and copolymer layers upon adhesion indicated by changes in the
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conformational states of the copolymer side groups not associated with hydrogen 
bonds.
After creating the thin and thick mucin coatings and understanding the adhesion 
process, we evaluated these coatings against the adhesion of two species of bacteria, 
Staphylococcus epidermidis, and Escherichia coli and one fungul species, Candida 
albicans. The numbers of adhered Staphylococcus epidermidis cells decreased after 
(by 87 and 98 %, respectively) coating silicon and PMMA with mucin. This shows 
the effectiveness of the mucin coating even at low thickness measurements. The thin 
mucin coating on PAA-b-PMMA also reduced the numbers of Staphylococcus 
epidermidis by 87 % compared to the bare PAA-b-PMMA. The copolymer coating 
without mucin also showed bacterial adhesion resistant properties, due to its 
hydrophilicity, when compared to the other bare surfaces. The thick mucin layer on 
PAA-b-PMMA further reduced the Staphylococcus epidermidis by 43 % compared to 
the thin mucin coating, demonstrating the effectiveness of increased mucin-coating on 
the adhesion of this species of bacteria.
The Escherichia coli cell numbers were reduced after coating silicon and 
PMMA with mucin by 48 and 78 %, respectively. The poorer reduction percentages 
compared to Staphylococcus epidermidis might be accredited to the presence of 
fimbrea on the surface of the Escherichia coli cells enabling it to have a firmer grip on 
the surfaces. The thin mucin coating on PAA-b-PMMA reduced the adhesion of 
Escherichia coli by 69 % and the thicker mucin coating did not perform any better 
than the thin mucin-coating. These results demonstrate the effectiveness of the mucin 
coating in reducing the numbers of adhering Escherichia coli cells.
Finally, the mucin coating on silicon and PMMA was not effective in reducing 
the numbers of adhered Candida albicans cells. Furthermore, the thicker mucin 
coating on PAA-b-PMMA increased these numbers by 77 % compared to the bare 
PAA-b-PMMA surface. This suggests that Candida albicans has an affinity to the 
mucin coating and it is not effective in suppressing its numbers.
From the above conclusions we can see that this work has created uniform 
mucin coatings with bacterial resistant properties but the coatings were not effective 
for yeast resistance.
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7.1 Potential future work
Throughout this study I encountered some questions that time did not allowed us 
to find the answers for. I’m going to list some of these questions as potential future 
work.
• What exactly is happening to the copolymer PAA-b-PMMA structure 
after exposure to water? And how does the exposure time affect the 
adsorption of mucin? There are very few PAA-b-PMMA studies at this 
time in the literature and in my opinion it needs more investigation.
• If the mucin coating on PAA-b-PMMA was inserted in a body cavity 
and a part of it was scratched off, would the coating self generate from 
the surrounding mucus films present in the body cavity? This question 
arose after observing the affinity between the PAA block of the 
copolymer and the mucin solution.
• How effective is the mucin layer as a lubricious coating? And is there a 
difference between the thin and the thick mucin coating lubriciousness? 
Coating a catheter or a needle with a lubricating bacterial resistant layer 
is a very attractive idea to lessen both the pain and chance of infection to 
the patients.
I’m sure that there are more questions to be asked, but these are the major ones 
that intrigued me.
130
